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I.

INTRODUCTION

Rhenium is a transition
element.
Moreover it occurs in
the periodic
table near palladium
and platinum,
both of which
possess
outstanding
properties
as catalysts
in organic reactions.
catalytic
acOne might suspect that rhenium would also exhibit
tivity
of some degree.
Previous
investigations
in these laboratories
have indicated
the m,etal does exhibit
definite
catalytic
reactions •. Although the activity
of
activity
in hydrogenation
the "standard"
catalysts
is generally
more pronounced than that
of rhenium in certain
important
types of reactions,
rhenium is
very much superior.
definitely
A catalyst
prepared
by refluxing
rhenium heptoxide
with
has been found to catalyze
the reducanhydrous tetrabydropyran
of a nitro
tion of benzene at lS0-160° c. Yet the reduction
group required
temperatures
above 200° before hydrogenation
took
place.·49
Rhenium heptasulfide
has been found to exceed any of the
known sulfide
catalysts
for the reduction
of sulfur
containing
compounds.
For example, thiophene
and allyl phenyl sulfide
could
be reduced without hydrogenolysis
of the carbon-sulfur
bond as
catalysts.53
commonly occurred with the "standard"
Rhenium sesquioxidf
has been found to reduce
at 65-70°c.49
room temperature,
and nitrobenzene

styrene

at

The most outstanding
property
yet exhibited
by rhenium
catalysts
was their
extremely high activity
toward the reduction
acids.
For instance,
rhenium heptoxide
reduced
of carboxylic
_!!! ~,10
and a catalyst
obtained by the reduction
of ammonium
perrhenate
with lithium
ethylamine,
50 have been shown to hydrogenate carboxylic
acids to the corresponding
alcohols
under conditions
milder than with any known catalyst.
properties
genation
in situ.

--

This investigation
was undertaken
to study the catalytic
of rhenium trioxide
and rhenium trichloride
in hydroreactions,
and to further
investigate
rhenium heptoxide

catalysts
derived in situ were found to
Rhenium trioxide
possess high catalytic
the earbo:xyl
activity
for the redootr;;;-of
It was also found to reduce amides under conditions'as
group.
mild as any catalyst
yet reported.
Rhenium trichloride
reduced in sLtu, in most cases
studied,
had a definite
but lower activity
than the trioxide
and
deriTed catalysts.
The effect
of water on limiting
the
heptoxide
amount of ester formed in the reduction
of carboxylic
acids by
rhenium heptoxide
in situ was especially
emphasized.
Studies

--

(

-1-

-2-

were made on the properties
of this catalyst
amides, and it was found to have an activity
rhenium trioxide.

in the reduction
similar
to that

of
of

II.
A.

Catalytic
I.

reacts
lyst.

LITERATUREREVIEW

Hydrogenation

General
Hydrogenation
with a desired

is the process whereby molecular
hydrogen
substrate
in the presence
of a suitable
cata-

The evergrowing
importance
of hydrogenation
has been demonstrated
by its utility
in the hardening
of fats and oils,
in the
petroleum
industry,
in the industrial
synthesis
of chemicals
and
pharmeceuticals
and in chemical research.

2.

Catalysis

An ideal
catalyst
will have no effect
on the equilibrium
of
the reaction,
but will serve only to alter
the activation
energy required by taking part in intermediate
reaction
steps in such a manner as to facilitate
the overall
course and rate of the reaction.

In general
1.
2.
3.

4.

a catalyst

may accomplish

the

following:

Initiate
a reaction.
Increase
or decrease
the rate of a reaction.
Direct a reaction
along a specific
path.
Minimize side reactions,
thus producing
a product
high purity.I

of

A catalyst
for hydrogenation
apparently
functions
by combining with the hydrogen and with the compound to be hydrogenated
(hydrogen acceptor
or substrate)
in such a manner that both are
held in the proper steric
relationship
necessary
for rapid reaction.
The reaction
product then leaves the catalyst
permitting
the metal
to react with more hydrogen and substrate,
and thereby repeat the
process.

follows:

The characteristics
2

1.

2.
3.

1

Interscience

have 'been given

as

It must be stable
under reaction
conditions.
It must absorb and activate
the hydrogen.
It must absorb and activate
the substrate.

Kirk

2

of a good catalyst

& 0thmer;
Ed.; "Encyclopedia
New York,
Encyclopedia,
Inc.,

Adkin,

Ind. Eng.~•,

of Chemical Technology",
1952, V. 3, PP• 245-270.

32, 1189 (1940).
-3-

-4-

3.

4.

It must hold the hydrogen and substrate
ratio
and space relationship.

5.

It

must desorb

the

desired

in the proper

product.

Adsorption

The nature of contact
between the catalyst
and the reactant
is an important
consideration
in heterogenous
catalysis.
It has
invariably
been revealed
by investigation
that an increased
concentration
of the reactant
is found on the surface
of the catalyst.
It
is this phenomena that has been termed adsorption.
The adsorption
of gases and liquids
on a solid body may be explained
by surface
phenomena.
Atoms of the lattice
of a solid body lying within the
body have all their
bonds saturated,
however those on the surface
are saturated
with respect
to internal
and side atoms only.
Thus
the adsorption
of gases on the surface
is due to the valence
forces
of the solid resulting
from unsaturation
of the surface
atoms.

4.
lyst

Active

Centers

Several
factors
is not uniform:3

have indicated

that

the

surface

of a cata-

1.

The surface
of the catalyst
is often "poisoned"
by
amounts of material
considerably
smaller
than necessary to cover the surface
completely
with a monomolecular
layer.

2.

A catalyst
surface
may be rendered
inactive
by "poisonbut still
remain active
for
ing" for one reaction,
another.

3.

It is possible
without mutual

4.

The catalytic
surface
is sensitive
may sinter,
and thereby
lose its
normal melting point.

to adsorb two gases
displacement.

on the

same surface

to heat so that it
activity
far below its

As an explanation
of these phenomena it has been suggested
that specific
limited
parts of the surface
have high activity
as
compared to the overall
activity.
These parts have been termed active centers.
There has been some speculation
as to the nature of
these active
centers,
for example it has been proposed that they
may be loosely
bound atoms, edge and corner atoms, cracks and imperof the surface
or atoms oriented
favorably
to certain
fections
crystal
axes.

~taylor,

~•

Roy. §.2.£• (London),

Al08,

105 (1925).

-5-

These active
centers
may vary greatly
in their -activity;
for
example, one center may be sufficiently
active
to combine with a
molecule of the substrate
only, while another center may possess
enough strenith
to hold both the substrate
and a molecule of hydrogen as well.
The number of active
centers
of a given gegree of activity
For example, Almquist and Black
concluded that in
if often small.
the hydrogenation
of nitrogen
to ammonia only one in two thousand
atoms in the catalyst
mass was active.
The number of active
centers
is, of course,
greatly
increased
as the surface
area of the catalyst
is increased,
thus one would
expect that the number of active
centers
present
would be influenced
by the method of preparation
of the catalyst.
Another aspect of catalysis
is the spacial
arrangement
of
the active
centers
themselves. 3 There is no conclusive
experimental
evidence
that the spacing of the active
centers
determines
the rate
or direction
of a particular
reaction,
but by inference
there are
many facts which suggest that the spacial
relationships
on the catalyst surface
are of primary importance.
The variation
in relative
reactivity
among organic compounds with the variation
in the size
and shape of the substrate
molecule shows that sterie
effects
may
determine
the speed of the reaction
and proportion
of the products.
In many cases this phenomena is so pronounced that one may detect
hydifferences
in the behavior
of geometrical
isomers in catalytic
drogenation.
If the variation
of the substrate
structure
vital
role in catalysis
then it is only reasonable
the variation
of the catalyst
will also be a factor

plays such a
to conclude that
in the process.

Experimental
work also has indicated
that a correlation
exists
between the catalytic
activity
and the spatial
relationships
of the catalyst
crystal
lattice
and the substrate
molecule.
For
example, investigations
carried
out on exchange reactions
between
olefins
and deuterium
on a nickel
catalyst 6 have indicated
that when
the olefin
is chemisorbed
on the catalyst
surface
the double bond is
opened and attachment
takes place between the two carbon atoms of the
double bond and two nickel
atoms.
This may be illustrated
as follows:

l.82J.O

Ni

4
5
6

Adkins,
Almquist
Twigg,

.2.£• ill•,

Ni

P• 1190.

and Black,
Trans.

Faraday

f• !!!• ~•
Soc.,~,

!2£•,

.1§., 2814 (1936).

533 (1940).

-6-

5.

Poisoning

As previously
mentioned,
the last step in the operation
of
a good catalyst
is to give up the product when the reaction
has been
completed.
The failure
of a hydrogenation
catalyst
to desorb a
product in a sufficiently
short time may result
in poisoning-!•~•,
covering the catalyst
by the product,
or interaction
of the desired
product still
adsorbed on the catalyst.
There is also danger of
further
hydrogenation
if the desired
product is not quickly desorbed
from the catalyst
surface.
Since there is a balance or competition
between the adsorption of the hydrogen,
the substrate,
and the product on the catalyst,
a high pressure
of hydrogen will often minimize the poisoning
effect
while on the
of the products
as well as their
tendency to interact
2
surface
of the catalyst.
The solvent
or reaction
medium as well as the :tcy"drogen,
substrate
and products
is undoubtedly
adsorbed by the catalyst,
and
the extent or course of the reaction.
so may play a role in determining
Solvents
may be beneficial
only because they facilitate
the dispersion of the catalyst,
and the contact
of the three essential
materials.
In some cases the solvent
plays a significant
role in hydrogenation,
for example, in the presence
of ethanol only two of the
methane are reduced,
while in the
three phenyl groups in triphen.yl
presence
of methycyclohexane
the reduction
goes to eompletion. 2
Sometimes it is possible
to modify a catalyst
so that it
will desorb a product at an intermediate
stage of the reaction.
instance~
methanol is oxidized by air to give ultimately
carbon
dioxide: 7

cH3 oH Lo;7~
Hcnot!Al.uco
, ·

2

u L02 co2

Over iron oxide at 370° c. the reaction
goes to completion,
molybdenum oxide is present
with the iron catalyst
the first
tion product,
formaldehyde,
is desorbed.
6.

For

but if
oxida-

Selectivity

One of the most striking
facts about catalytic
hydrogenation
is the selectivity
that various
catalysts
show toward different
substrates.
For example, nickel is more active toward the carbon to
carbon double bond, than it is toward the carbon to oxygen double
bond.
On the other hand the activity
of copper chromite is just
the reverse •. As a further
example, the ring in ethyl /3-phenylpropionate
is reduced over nickel at 200° c. to give ethyl /.3-cyclohexylpropionate.
Over copper chromite at 250° c. the carbethoxy
7

Peterson

&

Adkins,

i!.• !!!•~•Soc.,~,

1512 (1931).

-7-

group is reduced to give '¥ -phenylpropyl
alcohol.
At temperatures
occur over either
catalyst.
above 330° c. both types of reduction
also takes pla~e under these conditions
in
A third type of reaction
2
which the product is largely
the hydrocarbon
propylcyclohexane:
Ni

CuCr 2o4 or
Ni 330°

This selectivity
in action is probably preferential
comwith the catalyst
as has been outlined
above.
The nickel
binations
tends to attach the substrate
to itself
at the alkene or benzenoid
linkages,
while the copper chromite has more affinity
for the carbonyl
groups.
As the temperature
is raised
the selectivity
of the catalyst
is diminished,
and the probability
of reduction
to the hydrocarbon
is increased.
7.

General

Methods of Hydrogenation

The four general experimental
as follows:
hydrogenation
are outlined

8
procedures

used in catalytic

1.

The catalyst
is placed in a tube heated to 20-400°C.,
and the hydrogen and substrate
are slowly passed over
the catalyst
in the gaseous state.
The proper flow
rate must be determined
before complete reduction
can
be attained.
This method is obviously
useless
for nonvolatile
materials,
and is difficult
to control
thereby giving it only limited
application.

2.

The catalyst
through which
pressure
and
ing point of
is difficult

3.

The catalyst
and the substrate
are placed in a heavy
mounted in a shaking device,
and
walled,
glass bottle
attached
to a small hydrogen cylinder
fitted
with a
gauge.
Pressures
of one to four atmospheres,
pressure
and temperatures
of 20-60° c. may be used with this apparatus.
This method is useful for those functional
groups that are easily
reduced at low temperatures
and
pressures
with catalysts
which are active
in this range

8
New York,

is suspended in a solution
of the substrate
hydrogen is slowly bubbled.
Atmospheric
temperatures
ranging from 20° to the boilthe solution
may be used.
The procedure
to control,
and is wasteful
of hydrogen.

Gilman, "Organic Chemistry",
1953, v. 1, PP• 779-933.

2nd Ed.,

John Wiley and Sons,
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such as platinum,
palladium
and nickel.
This method cannot be used for the more difficult
hydrogenations
due
to the limited
temperature
and pressure
ranges.
4.

8.

The final method involves
agitation
of the catalyst
and
substrate
in a special
steel reaction
bomb fitted
with
a pressure
gauge and an electrical
heating system which
by electrical
controlling
devices.
Hydrogen
is regulated
and temperatures
of
pressures
from 700-5000 p.s.i.,
20-400° c. may be used.
In some instances
pressures
as
high as 30,000 p.s.i.
have been used in hydrogenation
reactions.
The course of the reduction
may be followed
by observing
the pressure
drop at the operating
temperature.

Reduction
a.

of the Various

Functional

Groups

Alkenes

Due to their
linkage
the olefinic
function.

easy reducibility,
catalytic
hydrogenation
of
is one of the most general reactions
of this

The rate of reduction,
and the severity
quired vary with substitution
at the unsaturated
compounds having a conjugated
system are likely
drastic
conditions
that the compound of similar
isolated
double bonds.
is

often

Because of the ease of reduction
possible
to selectively
reduce

Experimentation
compounds are usually
b.

8

Aldehydes

of conditions
recarbons.
Unsaturated
to require
more
complexity,
but with

of the olefinic
bond it
the double bond preferentially.

has shown that the cis forms of ethylenic
more rapidly
reduced than the trans forms.
and Ketones

Both the aliphatic
and aromatic
aldehydes
are rapidly
reduced to the corresponding
alcohols.
Ketones are found to reduce
more slowly over such catalysts
as platinum and palladium
than are
the aldehydes.
When the aldehyde or ketone group is attached
to an aromatic
nucleus,
care must be taken that the substrate
absorbs only one mole
of hydrogen or the reduction
may proceed to the hydrocarbon
giving
little
or no alcohol.

c.

Nitro

Group

The nitro group is one of the groups most easily
reduced by
catalytic
hydrogenation.
The reaction
is so highly exothermic
that
the substrate
should be used in small amounts or provision
made for
cooling in order to avoid excessive
temperatures.

-9-

d.

Carboxylic

Acids

In contrast
with the nitro group, the carboxyl group is one
of the most difficult
functions
to reduce catalytically.
Very few
catalysts
reported
in the literature
are capable of the reduction
of
this group under anything but the most drastic
conditions.
Catalysts
found useful for these hydrogenations
are the ruthenium containing
compounds 9 , and rhenium derived catalysts.IO
Conclusion

9.

method of determining
if a parThus tar the only reliable
ticular
catalyst
will be active
in a specific
reduction
is to try
it out.
There are no physical
or chemical measurements that may be
with certainty
between a good and a poor catamade to distinguish
lyst,
but once a particular
catalyst
has been found to possess outstanding
activity
toward a substrate
the tact can usually
be explained.
All good catalysts
and methods have been discovered
by direct
emon the problem.
pirical
attacks
B.

Rhenium Heptoxide
Preparation

1.

Rhenium heptoxide
has been prepared
by the direct
oxidation
The oxidation
proof rhenium metal in a closed combustion tube.11
ceeds in two steps,
the first
being the ignition
of the metal at
400-425°C. during which a red glow is given off.
Once this reaction
has subsided,
a deposit
of red rhenium trioxide
remains.
As heating is continued
further
oxidation
takes place to give the volatile
heptoxide.
lower

may also be prepared
by the oxidation
The heptoxide
oxides in the same manner as described
above.II

of the

he obtained rhenium heptoxide
and rhenium
Noddack1 2 reported
He reported
trioxide
by heating rhenium metal in oxygen at 300°C.
as a white solid melting at 26-30° while the trioxide
the heptoxide
was in the form of yellow crystals
melting at 160°.
9

Aug. 19,

Ford,
1952.

(E.I.

du Pont de Nemours & Co.)

10

Catalytic
shaw, "Liquid-Phase
Heptoxide Derived Catalysts",
Master's
1955.
Brigham Young University,
11
1

Melaven,

2ivoddack,

Fowle,

z.

Buckell

Electrochem,

&

U.S.

Hydrogenation
Thesis,
Dept.

Hisk~y,
34, 627-9

Inorg.
(1928)

2,607,807,
with Rhenium
of Chemistry,
Syn.,
/c.A.,

ill,
23,

188-90

(1950).

785 (19291/.

-10Noddack's data is obviously
erroneop,s as the heptoxide
has
since been found to be a yellow solid melting at about 300° c., while
the trioxide
is a red solid which disproportionates
at 400° c.
It has also been reported
that the heptoxide
by the pyrolysis
of ammonium perrhenate.12a
2.

may be prepared

Properties

Rhenium heptexide
is in the form of canary-yellow,
hexagonal
crystals 11 ,;J~ 1'1'4.-.al!"e easily suJ.llimed at 250° c. under one atmosphere
The melting point is not yet well characterized,
and
of pressure.
has bee~_i;-eported at 220° by Noddackl3,
a1:1dat 297° c. by Melave.JJ..11
point has been reported
as 350° c. 14 , the vapor phase
The boiliag
being in the monomeric state.
ductance

The density
of the oxide has been found to be about s.2.
measurements
give values for /\.between 366 and 385. 13

Con-

The unit cell dimensions
of the heptoxide
have been determinedl5 as, a=15.25 t 0.1 A0 , b:5.48:
0.02 A0 , c=l2.5 ± O.l A0 , and
the volume to be 1044.6 cubic A0 •
values

Smithl 6 and Boyd 17 have obtained
for this oxide:
(Sublimation)
(vaporization)
(sub. at the f.p.)
AS (vap. at the f.p.)
m.p. (calc.)
b.p. (calc.)
A II ( fusion)
AS (fusion at m.p.)
AF 0 (fusion)

33.5
17.7
58.4
28.0
300.3
360.3
15.81
27.6
-258.7

LiH
AH
AS

12
Laboratories,

the following

thermodynamic

± Oll Kcal/mole
± 0.1
+ 0.2

Kcal/mole
e.u ..
± 0.1 e.u.
;I; 0.3
c•,.
± o.3 c•.
~ 0.1 Kcal/mole
:I: 0.2 e.u.
Keal/mole

~rivate
communication
from Kennecott Copper Corp.
Mineral Square, Salt Lake City, Utah.

1.3
Noddack & Noddack,

!•

14

ill•,

Kirk & Othmer,

.!I?•

Anorg.
VII,

allgem.

Chem., ,ill,

1-37

Wilhelmi, ~ ~•
Scand.,
8, 693 (1954). LSims,
Gaines, & Rosenbaum,!
Survey .2f ~ Literature
.2!! Rhenium,
nical Report 56-319, ASTIA Document No. AD 110596, Battelle
Institute
to Aeronautical
Research Laboratory,
Wright-Patterson
Force Base, Ohio, June 1956, P• 201.JA
16
Smith, Line & Bell, J. Am. Chem. Soc., 74, 4964-6
LSims, .21?,• ill•,
P• 201.J.
- Boyd, Cobble & Smith,

)

!!_. !!!•

(1929).

P• 726.

15

17

Research

£h.!!!o.§2.£•, 11,

Wyler,
WADCTechMemorial
Air
(1953)

5773-84

(1953).

The oxide is extremely
deliquescent,
and is very soluble
in
water, hydrolyzing
to the strong acid, HRe04, which will dissolve
hydrates
or aluminum, zinc, iron as well as metallic
zinc and iron
with the evolution
of hydrogen:.1~
The compound is also soluble
in
such basic solvents
as ethers,
esters,
alcohols,
dioxane and pyridine
but is only slightly
soluble
in the halogenated
solvents.14

11,

Alcohols,
esters
and anhydrides
have been found to reduce
the heptoxide
to rhenium dioxide while ethers give reduction
to the
trioxide.
~s
,;recJ,eti,011Jo. tbe trioxide
has been utilized
in the
preparation
.ot;:.r'i.ie•i•'~tr;toxide·
.trom a dioxane solution of the heptoxide.18
The Noddacks found that aqueous solutions
of the heptoxide
were easily reduced with zinc, metaphosphoric
acid, or sulfur
dioxide,
yielding
a red-colored
suspension
of rhenium trioxide.19
They also
observed that aqueous solutions
of the oxide would decolorize
potassium
permanganate,
and were reduced by titanium
and vanadium solutions with the formation
of a yellow eoloration.lil
There also seems to be some evidence that the presence
of
rhenium heptoxide
solutions
will lead to the oxidation
of rhenium
in the minus one oxidation
state
to the plus one oxidation
state:20

3Re(-l)
when cold

white,

+ Re(VII)--4Re(I)

gaseous form .of the heptoxide
has been observed
passed over the heated metal.
It is extremely
to condense or trap.14

A

oxygen

difficult

is

has been reduced to the dioxide by hydrogen
The heptoxide
Some difficulty
at 300° c., and to the free metal at 800° c.13,21
is encountered
because of the volatility
o{ the heptoxideo
The action of dry hydrogen
to the black sulfide.13

sulfide

on the

oxide

converts

it

Rhenium heptoxide
has been used as the starting
material
for the preparation
of rhenium pentachloride.22
The preparation
involved
the action of carbon tetrachloride
on the heptoxide
in a
1

8Nechamk:in, Kurtz&·

19

Hiskey,

f•

!!!•Chem.,~.,~,

2828 (1951).

Noddack & Noddack, Naturwissenschaften,
,!1, 93-4 (1929).
23, 1833 (1929l7.
20
Maun & Davidson, f• !!!• ~•
.22.£.•,~, 3509-13 (1950) o
21
Druce, "Rheniumr•• ,!!niversity
Press,
Cambridge, 1958, ppo
12-15 ffiims, ~• ill•,
P• l!f •
2
2x:nox, .!!.• .!!.•, f• !!!• Chem. Soc., ,Z!!, 3358-61 (1957).

sealed

tube at 400°

c.
o

-12The yield of 99% of theoretical.

+ 7COC1 + 2Cl
2
2
4
5
23
Hagen and Sieverts
found that when the heptoxide was
dark red solutreated
with a few drops of 30% hydrogen peroxide
This compound was stable only in low concentration was formed.
tions of water.
When it was heated in sulfuric
acid the compound
was attacked
after all of the peroxide had been decomposed.· It
was soluble in,, ethallo.1"1 ethyl ether, and was insoluble
in hydrocarbons, 'c.,,llo)'1tJ~iit¥"•ic1ei,, CA.lOJ'Oforml and acetone.
The authors believed the compound to be a per-acid
of rhenium heptoxide.
Re

2 7

+ 7CC1 ~2ReC1

a

The heptoxide in hydrochloric
acid solutions
has been found
to react with compounds of the generalized
form MI (M=potas!!,ium,
.
ammonium or quinoline)
to give complexes of the formula 'M4L.Re2oc11siJ.
Complex~ of the general formulae M~ec1 oiJ and M2ReCl are also
5
formed.

c.

Rhenium Trioxide
1.

Preparation

Rhenium trioxide
prepared it by reduction

was first
observed by the Noddacks 13 who
of perrhenic
acid with zinc.

Biltz and his coworkers prepared the oxide by the long
heating of the heptoxide and rhenium metal at 300° c. This com-·
pound was not originally
claimed to be the trioxide
by him, but
evidence is good that the reaction
was as follows:;25

Biltz later prepared the trioxide
by heating a weighed
amount of rhenium dioxide and heptoxide for over a week: 2 6

The trioxide
has also been prepared
dioxide or carbon monoxide on the heptoxide
pheric pressure.
Temperatures of 200-300°,
23

24

(1939)

Hagen & Sievertz,

!•

Jezowska~Trebralowska
1930 (1940)7.

LC·~·,-2!,

Anorg. allgem.
& Jodko,

by the action of sulfur
vacuo or at atmosand the presence of a

~

Chem.,~,

Rocznki ~.,
.
.

367-8 (1932).

!,!?., 187-98

25
Lehrer, Meisel, Nachr. Ges. Wiss. Gottingen,
·
Biltz,
physik Klasse•, ~'
191-98
!?.B.•cit.,
P• syj:
26
Biltz,
!• anorg. allgem. Chem., 214, 225-38 (1933).

ffiims,

!!!!!!-

-13small amount of sulfur are necessary
to carry out the reduction.
The reaction
easily
goes too far giving some metallic
rhenium. 2 7, 2 8
combustion
The oxide may also be formed by the incomplete
of rhenium in oxygen, but the reaction
is difficult
to control.
The most satisfactory-method
of preparation
seems to be
the reduction
of the heptoxide
using anhydrous dioxane.28,29
The
heptoxide
is carefully
dissolved
in the dioxane by gentle heating,
is frozen.in
an ice-bath
crystallizing
out a
and then the solution
pearly-gray
heJft•~i~cl:iPltane
C!OJBPle~ · The solvent
is removed and
acid.
The complex is then gently
the complex dryed over sulfuric
heated to yield the trioxide
in good purity.
Only small amounts
of other oxides of rhenium are present
in the final product.

Re0

3

+ decomposition

products

may be obtained
by evaporating
the dioxane-heptoxide
Similar results
solution
to·dryness
and then decomposing the solid complex with
gentle heating.
The oxide is contami~ted
with the other rhenium
oxides to a slightly
greater
extent if the latter
preparation
method is used.

2.

Properties

The trioxide
occurs as maroon-red
tiny glistening
surfaces.
In thin layers,
green by transmitted
light.11,18

crystals
which possess
the oxide appears blue-

The crystals
are eubic.1 o<.,r=3.734 • 0.0006 A.U., with one
molecule to the unit cell,
25,30 the lattice
resembling"that
of
tungs~en· and chromium trioxides.
Boyd
the trioxide:

17

has obtained

2Re03(cf + ¾ 02(g)---Re207(c)
A H( formation)

the following

thermodynamic

AH::-6a6
-146.0

A S(formation)

-61.5

AF( formation)

-127.3

27

values

for

Kcal/mole of Re0
3
± 3.0 Kcal/mole
e.u.
Kcal/mole

l'rigge & Meisel,
Nach. ~•
Wiss. Gottingen,
~Biltz,
physik. IO.asse, !!!.!!, 191-98 /_s~ms,!I?.• ill•, P•
28
Nechamltln, Kurtz & Hiskey, J. Am. Chem. Soc., 73, 2828-31
.
29
Nechallikin & Hiskey, Inorg. Syn., ill• 186-188 (1950).
30
Meisel, A•Anorg. allgem. Chem.,~,
121-8 (1932).

-·~

sy.
--------

-

(1951).

-14The trioxide
is chemically
inert to water, dilute
sodium
hydroxide and most reagents
of non-oxidizing
or reducing character,
or aldehydes.18
The
but it may be reduced with the lower alcohols
oxide will liberate
iodine from acidified
potassium iodide the reaction stopping at the dioxide,
but', it will not liberate
chlorine
from hot hydrochloric
acid.
The trioxide
is oxidized to perrhenic
acid by concentrated
nitric
acid.25
On long standing or heating,
solutions
of rhenium trioxide
Heating the trioxide
in air or
oxidize back to the heptoxide.19
oxygen at elevated
temperatures
causes oxidation,
but it may be
heated at temperatures
lower than 110° c. for several hours without
a change in weight.28
Beating the oxide in a vacuum or in the abin the disproportionation
to the dioxide and
sence of oxygen r~sulls
the heptoxide. 11 , 28 , 3

It fuses to perrhenates
or perrhenites
potassium hydroxide and sodium oxide.
D.

Rhenium Trichloride:
1.

Inorganic

in the presence

of excess

Chemistry

Preparation

12
Rhenium trichloride
was first
reported
by Noddack , who
prepared it from the elements at 500° c. He later reported
obtainwith metallic
ing the compound by heating rhenium tetrachloride
rhenium at 400-500° c.31
32
Maachot and Dusing
prepared the trichloride
by the elecin 2 or 4 N sulfuric
trolytic
reduction
of potassium rhenichloride
acid using mercury or platinum electrodes:

=====ReC13
The halide has
thermal decomposition
atmosphere.33
Druce21
the trichloride
by the
as Ag 2 ReC1 :

+ HCl + 2KC1

also been prepared in 65% yield by the
of the pentachloride
under a nitrogen
also reported
that he was able to prepare
thermal decomposition
of double chlorides

such

6

31
3

Noddack & Noddack,

!• Anorg. allgem.

-

-

& Dusing, Ann., 509, 228-40
~chot
33
Burd & Brimm, Inorg. Syn., I, 182-3

~.,
(1934).
(1939).

ill,

129-84

(1933).

-15The compound has also been prepared
in poor yield
ing rhenium powder with sulfuryl
chloride
under a variety
tions.34
In all cases only a small amount of the desired
was obtained.
The trichloride
has reportedly
of potassium rhenichloride.34a
2.

been prepared

by treatof condiproduct

by the pyrolysis

Properties

The trichloride
is a reddish-black
substance
which is covalent
in character,
and dimeric when dissolved
in glacial
acetic
acid.
Freshly prepared
aqueous solutions
have a conductivity
only
a little
greater
than that of pure water.
The compound forms deep
red-colored
solutio~
in water and ketones which appear to be the
Re c1 :
bimolecular
2 6

The trichloride
is only slightly
ionized in aqueous solutions,
and as a result
gives a negative
chloride
test with silver
6 The salt is oxidized
nitrate.3
slowly in strong oxidizing
agents,
is hydrolyzed
in water
and in the absence of air the.trichloride
yielding
the sesquioxide.31,36
The hydrolysis
can be followed by
conductance
measurements as there is complete conversion
of the triacid.38
The compound forms
chloride
to Re o .xB o and hydrochloric
2 3
2air without apparent
a dihydrate
in moist
hydrolysis,
and upon removal of the hydrate the chloride
is left in the form of an amorphous
powder.
The halide forms violet
ammoniates in aqueous or liquid
ammonia, and tensimetric
investigations
at -78°, -51°, -21° and 0°
have indicated
the existance
of ReC1 fl4NH , ReC1~~7NH and
3
3
3
ReC13 f 611H3• 39
'
<>
34 Rulfs

& Elving,

34 aLarsen,
Oak Ridge National
35 wrigge
physik

.:!_
•

.!!!• .£h!!!•~.,

Private
Communication,
Laboratory,
Oak Ridge,
&

Biltz,!•

Anorg.

36 Geilman, Wrigge & Biltz,
Klasse No. 5, 579-87 (1932)
37 Geilman

&

Wrigge,

38 Geilman & Wrigge,
39 nemm & Frischmuth,

!•

g,

3304 (1950).

Chemistry
Tenn.

allgem.

Division,

fh!!!•, ~,

372-82

Nach. ~•
Wiss. Gottingen
_e!!, 60ll934ij.

zc.!_.,

Anorg.

(1936).
Math-

allgem.

~•,

~'

144-8

!• Anorg. allgem.

~.,

lli,

248-60

!• Anorg. allgem.

~.,

~,

(1935).

209-14

(1933).
(1937).

-16The trichloride
has been found to form insoluble
double
On
salts
of the for~ MReCI with rubidium and cesium chlorides.
heating
these compounds 4 are decomposed to M ReC1 , rhenium trichloride
2
6
and metallic
rhenium.36,37
When the trichloride
is reacted
with
brown precipitate
is formed in which rhenium
stages of oxidation.
This may be represented
9ReIII_6ReII

sodium hydroxide
a
is present
in various
approximately
by:

+ 2ReVI + ReVII

Strongly
acid solutions
of the halide have been found very stable
towards strong oxidizing
or reducing
agents,
but it is rapidly
reduced at 0° by zinc metal or by sodium amalgam to rhenium in the
state.31
plus one oxidation
When rhenium trichloride
is oxidized
in strong hydrochloric
acid solution
with oxygen the product is chlororhenic
acid; in dilute sulfuric
acid, colorless
perrhenic
acid and a red intermediate
product are formed 32
0

In 3M hydrochloric
acid the trichloride
gives a green solution of rhenium trichloride
which contains
HReC14 • The latter
compound is stable
in air for two to three hours and under a nitrogen
atmosphere
for several
days.35
When the halide is heated strongly,
especially
in the
presence
of potassium
chloride
it decomposes to metallic
rhenium,
and rhenium tetrachloride
or potassium
rhenichloride.36
·
When the trichloride
is
ReOCl and ReOCl are formed.38,
when fhe trichloride
is exposed
time.32

heated at 110-130° with oxygen,
The oxychloride
is also formed
to sunlight
for a short period of

40

The trichloride
may be reduced to the metal by hydrogen
of the lower
a temperature
from 250-300° c. without formation
21 , 38
chlorides:
2ReC1 + 3H 2Re + 6HC1
2
3
to
Emeleus and Gutman41 attempted
by the
the preparation
of the trifluoride
The trifluoride
that was formed
at 350°.
lic rhenium, thereby rendering
the method

use the trichloride
action of hydrogen
quickly decomposed
useless.

in
fluoride
to metal-

ReC1 + 3HF ~ ReF + 3HC1
3
3
ReF -Re
3

/_f,.!,.t

4
~.

°Kolling,
Trans.
11477 (19551/.

41

~

0

Kansas~•

Emeleus & Gutmann,

!!.• 9!!!!•

+ 3/2F

2

.§.E!., .2!,, 378-81
Soc.,

(1953)

!!!2Q, 2115-18.

at
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3.

Analysis
a.

Quantitative

Analysis

for

42

Chloride

in Rhenium Chloride

Excellent
results
have been obtained by weighing the chloride
as silver
chloride
or by titrating
with silver
nitrate.
The chlorine
in the trichloride
must be converted
first
to soluble
alkali
or
alkaline
earth chlorides
by reacting
with 30¾ hydrogen peroxide,
by
fusion with sodium hydroxide,
fusion with sodium carbonate
and
sodium peroxide,
ignition
with calcium carbonate
or calcium,
or by
heating in a stream of hydrogen.
b. Qualitative
Crystal Tests 43
Rhenium trichloride
may be detected
by dissolving
in hydrochloric
acid to form HReC1 which gives crystalline
compounds with
rubidium,
cesium, pryidine, 4 quinoline,
acridine,
aniline
or brucine.
The resulting
crystals
have characteristic
structures,
and may be
used in microscopic
identification
of the choride.
-

E.

Rhenium Trichloride:
1.

Preparation

Organic

Chemistry

of Trimethylrhenium

and Triethylrhenium

44

An ethereal
solution
of rhenium trichloride
was found to
with methyl or ethyl magnesium iodide.
The desired
react vigorously
product was obtained after treatment
with dilute
hydrochloric
acid
followed by distillation
of the ethereal
layer.
45
Gilman and coworkers
were unable to verify
this reaction,
and obtained
only methane and ethane evolution.
The experimenters
may have
felt that small traces
of impurity in their trichloride
been responsible
for the failure.

of Re(CH ) and Re(C H )
2 5 3
3 3
The compounds reportedly
occurred as
oils,
somewhat heavier than water with which
mix. The oils were not very inflammable, but
non-luminous
flame accompanied by a cloud of
2.

acids

Properties

It reacted_ slowly with
being among the products.
42

Geilmann

&

Lange,!•
"

43 G ·1
•
e1. mann & \f r1.gge,
44

Druce,

l• ~-

45G.l
i man, Jones,
2525 (1941).

~-,

aqueous

Anorg.

Z Anorg.
_.

122!,

the almost colorless
they did not appear to
burned'with
an almost
rhenium heptoxide.

hydrogen

allgem.

peroxide,

~.,

lli,

all gem. ~•,
Ch

2~1
~,

perrhenic

289-97

66 - 77 (19~7)
v

1129.

Moore & Kolbezen,

i!.• !!!•~•Soc.,

(1937).

63,

•

-1s3. Preparation

of Rhenium Ethoxide

and Isopropoxi~e

46

of rhenium were prepared by
The ethoxide and isopropoxides
the action of rhenium trichloride
on an alcoholic
solution
of the
appropriate
sodium alkoxide:
ReC13 + 3Na0Et -3NaCl

4. Properties

of Rhenium Ethoxide

+ Re(OEt)

3.
and Isopropoxide

The compounds were in the form of brown solids which
by the
readily
decomposed to the alcohol and rhenium sesquioxide
action of water and dilute acids or alkalis~
The compounds were
but on heating they ignited
stable in dry air at room temperature,
forming a black residue which gradually
burned away. When heated
out of contact with air they began to decompose below 100° c. yielding impure rhenium metal.
F.

Analysis

of Rhenium Compounds

1. Quantitative

Analysis

i;

The best method of quantitative
analysis
rhenium compounds
appears to be that proposed by Willard and Smith.
The metal or
compound is first
converted to ammonium perrhenate
by oxidation
with
an agent such as 30%hydrogen peroxide and ammonium hydroxide.
The
soluperrhenate
is then precipitated
from a hot sodium chloride
chloride
solutiono
tion with tetraphenylarsonium
2. Oxidation

State

Determination

Due to the high atomic weight of rhenium the various compounds
It is thus
differ
in their rhenium content only by a few percent.
desirable
in many eases to further
supplement analytical
results
state determinationo
This determination
may be
with an oxidation
out by dissolving
the compound in acidic ferric
sulfate,
carried
solution.
In the first
case
potassium dichromate or eerie sulfate
the ferrous ion formed can be determined by titration
with potassium
in the other cases the excess oxidizer
can be reduced
permanganate,
solution,
and the
with a measured volume of standard ferrous sulfate
with potassium permanganate.
From
excess determined by titration
the valenci change when
this data it is an easy matter to calculate
8
state.
rhenium is oxidized to the plus seven oxidation
46
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Druce,
Willard

.!• £!!.!!• 2,2£0, !.2.21, 1407-1408.
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A.

EXPERIMENTAL

General
l.

Catalyst

Codes

Because of the large number of catalysts
prepared
it was
found necessary
to assign each catalyst
a code number.
This was
also deemed necessary
as small differences
in the preparation
procedures could have drastic
effects
on the activity
of a particular
of three parts;
the first
catalyst.
The code generally
consisted
part was composed of the chemical formula of the material
introcatalytic
duced into the bomb, which was later
reduced to the active
material
during the reduction;
the second segment of the code consisted
of the specific
preparation
method of that catalyst,
while
the third and final number consisted
of the specific
preparation
by that particular
method.
An example of the code would be Re0 -4-6.
The catalyst
by the
being rhenium trioxide,
which was the sixth.· 3preparation
fourth modification
of that method.
In the cases of rhenium
heptoxide
and rhenium trichloride,
the catalyst
was commercially
available
thus the preparation
number was omitted.

2.

Catalyst
a.

Preparation

Rhenium Trioxide

Rhenium trioxide
was prepared
by the method of Nechamkin,
Kurtz and Hiskey.28
A small amount of .:e,-dioxane was rendered
peroxide-free
by storing
over solid potassium
iodide,
and then
from sodium metal.
A
dried over calcium hydride or by distilling
small amount of rhenium heptoxide
was quickly weighed out to prevent contamination
with water vapor, and this was added to the dioxane in a 50 ml. beaker.
The mixture was warmed gently until
a
colorless
to dark green solution
was attained.
The excess dioxane
was evaporated
off at room temperature
in a vacuum desiccator
yielding a tacky black complex.
This rhenium heptoxide-dioxane
complex
was then carefully
heated on an ordinary
hot plate to about 145°
where it decomposed to the almost pure red crystalline
rhenium
trioxide
and gaseous decomposition
products.
In some cases the
complex was decomposed by carefully
warming over a small flame.
After the decomposition
was complete the trioxide
was transferred
to a small polyethylene
stoppered
or screw cap vial where it was
finely powdered with a micro-spatula.
The catalyst
was then stored
dry in this vial.
b.
Tennessee,

Rhenium Heptoxide

Rhenium heptoxide
was obtained
from the University
and was used in one of two general methods.
-19-
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In the first
method, the heptoxide
was quickly weighed out
into some solvent
such as acetic
acid.
This mixture was placed in
the bomb, and 3000 psi of hydrogen introduced.
The bomb was placed
under agitation
and the temperature
was increased
until
the acid
The product was removed from the bomb, and the catalyst
reduced.
recovered
by centrifuging.
It was then washed well with the solvent
to be used in the reduction.
This catalyst,
which had been reduced
~§!!!!,was
then placed in the bomb with the substrate
to be reduced, and the hydrogenation
carried
out in the usual manner.IO
The second method, which was used in most cases, was to
reduce the heptoxide
in situ to the active catalyst
in the presence
of the substance
to beredUced.10
c.

Rhenium Trichloride

The trichloride,
like the heptoxide,
was commercially
available
(Fluk.a, Buchs, Switzerland).
In all reductions
the trichloride
was introduced
into the bomb with the substrate,
and then
reduced !,a~
in the same manner as the heptoxide.
3.

Method of Hydrogenation

in two hydrogenation
Reductions
were carried
out primarily
vessels.
They were (a) a "Pendaclave"
high pressure
hydrogenation
apparatus
manufactured
by Pressure
Products,
Inc.
The bomb had
four possible
agitation
rates,
but was generally
operated at 44
cycles per second.
A Leeds-Northrup
x1 -x2 recorder was operated
in conjunction
with this bomb, and made possible
the simultaneous
recording of temperature
and pressure;
(b) an "Aminco" bomb manufacCompany was also used on numerous
tured by the American Instrument
The apparatus
had a fixed agitation
rate of 36 cycles
occasions.
per second.
Two other hydrogenation
bombs were used in a few instances,
they were (c) a Parr Instrument
Company high pressure
bomb
with a fixed agitation
rate of 36 cycles per minute, and (d) a
"Magne-Dash" instrument
produced by the Autoclave Engineers
Corp.
The bomb had a variable
agitation
rate,
but was generally
used
below 40 cycles per minute.
A glass liner was used in all bombs with the exception
of
Previous
experiments
showed that the bomb used
the "Magne-Dash".
had little
or no effect
on the conditions
necessary
for reduction.
The catalyst,
substrate
and solvent,
if used, were weighed
The mixture was
out into the tared liner,
and the weight recorded.
placed in the bomb which was then flushed twice with 500 psi of
The pressure
was increased
to -about 3075
hydrogen to remove air.
psi, and agitation
commenced.
The odd seventy-five
pounds pressure
was physically
adsorbed on the catalyst,
substrate
and solvent
thus
making the initial
pressure
very nearly 3000 psi.
be certain

The bomb was allowed to run for about one-half
an hour to
then it was heated to about
that no leaks were present,

-2150° below the point where reduction
was expected to begin.
If no
drop in pressure
occurred the temperature
was increased
in increments of 25-50° until reduction
began to take place as indicated
by a pressure
drop.
The bombs were never heated above 300° c.
In all reductions
it
for the hydrogenation.

tions

was attempted

to obtain

minimal

condi-

The theoretical
pressure
drop was calculated
for each
by use of the ideal gas law, PV=nRT, using Ras 1.206
hydrogenation
liter-psi.
When the theoretical
pressure
drop was attained
the
reduction
was stopped.
After the bomb had cooled the product was
removed, and the percent recovery calculated
from the weight of
the liner before and after the reduction.
4.

Method of Analysis
a.

Catalysts:

Ultimate

Analysis

The catalyst
was removed from the reduction
product by
centrifuging,
after which it was washed well with ethanol.
In a
few cases the ethanol was removed ~,washing
with some other solvent such as benzene or cyclohexani~'
The catalyst
was transferred
to a small vial along with a minimum of solvent.
The catalyst
was
suspended in the solvent,
and aliquot
portions
removed to small,
tared,
screw-capped
vials by means of a medicine dropper.
The vials were placed in a vacuum oven, or more frequently,
The pistol
was placed under
in an Abderhalden drying pistol.
vacuum which was released
with nitrogen.
This procedure
was repeated several
times to remove any oxygen which might be present.
The pistol
was heated by refluxing
nitrobenzene,
bromobenzene or
diphenyl ether.
Phosphorous pentoxide
or barium oxide were used
as dessicants.
Heating and evacuation
were continued
for at least
twenty-four
hours after which the vacuum was released
with nitrogen, and the vials removed, quickly capped and weighed to prevent
oxidation.
Heating was continued
until constant
weight was attained.
The catalysts
were dissolved
by two methods:
(1) The catalyst was emptied into a 100 ml. beaker,
and was oxidized by heating
with a mixture of 300/4hydrogen peroxide
and ammonium hydroxide.
The vial was rinsed well with the oxidant to be certain
that no
catalyst
remained undissolved.
It was then washed well with distilled
water, and the washings added to the beaker.
Any excess
peroxide which was present was destroyed
with urea.
(2) The catalyst and several
drops of water were treated
with two to three
drops of concentrated
nitric
acid, and the mixture heated to boiling on a hot plate.
If all of the catalyst
did not dissolve
on
this initial
heating another drop of the acid was added and the
heating repeated.
When all of the catalyst
had dissolved
the soluand poured
tion was quickly neutralized
with ammonium hydroxide,
The vial was washed well with distilled
into a 100 ml. beaker.
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water, and the washings added to the beaker.
(See Discussion
tion of this thesis
for further
comments on the use of nitric
as an oxidant.)
dissolved
and this

In those cases in which all of the catalyst
the impurity was filtered
off in a tared
weight deducted from that of the original

secacid

could not be
filter
crucible,
sample.

'.tlle solution
was adjusted
to a volume of 15-25 ml., and
The solution
was heated to boiling,
made o.s Min sodium chloride.
and then an excess of tetraphenylarsonium
chloride
was added.
The
precipitate
was allowed to stand over night,
and was collected
in
a tared filter
crucible.
The precipitate
was dried to constant
for
weight at about 110°, and weighed as - AsRe0 • The factor
4
4
Re/~ AsRe0 is' Q.02941.
4
4
Catalysts:
Oxidation
State Determination
b.
A large sample of the catalyst
(about 1 gm.) was dried to
constant
weight in a drying pistol
as indicated
above, and then
An
was quickly weighed out into a tared 125 ml. Erlenmeyer flask.
approximate
100% excess of potassium
dichromaie
was accurately
weighed into the flask,
and a small amount of water and about 1 ml.
of dilute
sulfuric
acid were added.
The mixture was heated on a
hot plate until
all of the catalyst
had dissolved,
after which the
solution
was cooled and an excess of potassium
iodide was added.
The liberated
iodine was titrated
with a standard
sodium thiosulfate
solution
using starch as an indicator
once the titration
approached
the end point.
From these data
change when the catalyst
c.

Analysis

it was possible
to calculate
the valence
was oxidized
to the plus seven state.

of Hydrogenated

Organic

Substrates

The method of analysis
used depended largely
upon the product to be analyzed.
Reductions
which gave only one product,
such
as the hydrogenation
of 1-hexene to hexane, were analyzed by refractive
index curves.
These curves were obtained
experimentally
by plotting
the refractive
index against
a known mixture of the two
the,starting
material
and the product).
All recomponents (i.e.
fractive
indices
were .taken at 20° c.
The samples which contained
a number of products
were
which was
analyzed
in an Aerograph Model AlOO gas chromatograph
by Wilkens Instrument
and Research Inc.
manufactured
A sample of about twenty to thirty
micro liters
was injected into the instrument
by means of a hypodermic needle.
The
components of the mixture were separated
and identified
by their
different
retention
times in the column, and as each component
emerged from the instrument
a curve was recorded.on
a graph.
Known
compounds were used to identify
the various
components which originated these curves.
Further identification
could be made by using
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a 1 ml. collection
tube which was attached
to the instrument,
and
cooled in a dry-ice
acetone bath.
This collected
sample was used
of a derivativ~.
for a refractive
index or the preparation
Helium was chiefly
used as the carrier
gas, but
eases hydrogen was employed.
An increase
in flow of the
gas resulted
in a shorter
retention
time, but also gave
separation
of the components.
The same result
was noted
crease in the operating
temperature
of the column.

in a few
carrier
poorer
by an in-

The gas chromatograph
was equipped with several
five-foo.ft.
columns containing
different
fixed phases.
Those
interchangeable
which were found most beneficial
were:
(1) silicone
oil;
(2) polypropylene
glycol;
(3) dinonyl phthalate.
Others which were. use~
occasionally
were the diglycerol,
and the Carbowax columns.
The silicone
column was most advantageous
in the separation
of the more polar compounds such as the earboxylic
acids,
nitro
The column had an optimim operation
tempera~
compounds and amines.
ture of about 25° below the boiling
point ~f the components,
but
in some instances
components could be passed through at temperatures
50-75° below their boiling
points.
The polypropylene
glycol column proved to be very efficient
for the separation
of saturated
and unsaturated
components,
and
has been used successfully
in the separation
of 1-hexene,
2-hexene
It has also proved useful in the resolution
of alcohol,
and hexane.
aromatic
and carbonyl compounds.
Dinonyl phthalate
was useful
in the separation
of alcohols,
and carbonyl
compounds.
The optimum operation
temperature
was
about 25° below the boiling
point of the sample.
The diglycerol
and Carbowax columns again proved good for
the resolution
of olefins,
alcohols
and carbonyl
compounds.
Opti•
mum operating
temperature
for this column was found to be the boiling point of the main sample component or slightly
below.
As the curves obtained
from the recorder
were nearly Gaussian,
the areas under them were taken as proportional
to the molar
percentages
of the components in the mixture.
The percent
reduction was then calculated
from these molar areas based on 100%
recovery
of the product.

In those cases in which the product was too high boiling
or
too polar for analysis
on the gas chromatograph
the product was
analyzed by chemical extraction
and/or distillation.
The separated
components were then identified
by their refractive
indices
or
melting points.
B.

Catalyst
1.

Preparations

Rhenium Trioxide

and Analyses
Catalysts

-24(a)

Reo -l-l

3
Materials:

Re o , 0.50

2 7

g.

(0.00103

mole)

10 ml.

Dioxane,

The heptoxide was dissolved
in the dioxane, and the resulting
solution
cooled in an ice-bath.
A gray crystalline
oomplex
out which was separated
from the solvent by decantation.
settled
The complex was dried at room temperature
in a vacuum desiccator,
by gentle
after which it was decomposed to the maroon-red trioxide
heating.
Yield was about 84%.

Materials:

Re o7 , 1.0
2

g.

(0.00206

mole)

20 ml.

Dioxane,

The preparation
was the same as (a) except that the dioxane
was evaporated
off the crystalline
complex rather
than decanted off.
The dried complex was then decomposed at about 145° c. The trioxide
was obtained in 89% yield.
(c)

Re0 -l-3
3

Materials:
Dioxane

1

20 ml.

The heptoxide was completely
dissolved
in the dioxane, and
then the resulting
solution
evaporated
to dryness in a vacuum desiccator at room temperature.
The complex was decomposed to the triThe yield was about 90%.
oxide in the same manner as (b).
(d)

Reo -l-4
3

Materials:

The preparation
in 95% -yield.
Re0 -1-5
3
Materials:

Re2 o7 , 1.0 g. (0.00206
Dioxane, 20 ml.
was the same as (c).

mole)

The oxide was obtained

{e)

The preparation

Re2o , 1.0 g. {0.00206
7
Dioxane, 25 ml.
was the same as (d).

Materials:
Dioxane,

25 ml.

mole)

Yield was about

98%.

-25obtained

The preparation
in 93% yield.

was the same as (e).

The compound was

(g) Reo -l-7
3

Materials:
Dioxane,

25 ml.

When the dioxane was rendered peroxide-free
with solid
potassium
iodide it became slightly
discolored
with free iodine.
A small amount of Norit quickly decolorized
the dioxane,
which was
(f).
Yield
then used in the same manner as it was in preparation
was 98%.
Re o , 1.3

Materials:

2 7

Dioxane,

g.

(0.00268

mole)

50 ml.

While the dioxane-heptoxide
solution
was being evaporated
to dryness a fairly
large amount of water accidently
entered the
desiccator,
and the beaker containing
the complex.
Drying was
continued,
and on heating to 145° the complex yielded
rhenium trio::ide which appeared to be of the same quality
as that prepared
under anhydrous conditions.
The catalyst
was obtained
in 94% yield.
Ox. State Det•n.:
Oxidation
state
determination
by the
med1od pnviously
cited gave the following
values:
0.88,
1.16,
1.15.
This corresponds
to an oxidation
state
of six, which agrees
with the valence state
of rhenium in rhenium trioxide.
(i)

Re0 -l-9
3

Re o , 1.0

Materials:

2 7

Dioxane,
The preparation
77.26,

~•

76.91%.

cal'cd

The sample

g.

(0.00206

25 ml.

was the same as (g).
for Reo :
3

was dissolved

mole)

Yield

Re, 79.51%

Found:

was 91%.
Re, 77.15~

in H o -NH 0H.
2 2

4

(j) ReO -1-10
3

Materials:
Dioxane,

97%.

The preparation

25 ml.

was the same as (i).

The yield

of Re0

3

was
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Re o , 1.0 g. (0.00206
2 7
Dioxane, 25 ml.

Materials:

tained

was the same as (j).

The preparation
in 98% yield.

Re o , 1.0 g.
2 7

Materials:

mole)

The product

(0.00206

was ob-

mole)

25 ml.

Tetrahydropyran,

The catalyst
was prepared
in the same manner as (k) except
anhydrous tetrahydropyran
was used in place of the dioxane.
The
catalyst
had the familiar
red color of rhenium trioxide,
and appeared to be of the same quality
as that prepared
from dioxane.
Yield was 90%.
(m) Re0 -2-2
3
Re o , 0.5
2 7

Materials:

g. (0.00103

Tetrahydropyran,
oxide
2.

The catalyst
was prepared
was obtained
in 96% yield.
Rhenium Heptoxide
(a)

mole)

20 ml.

in the same manner as (1).

Catalysts:

~

,ill.!! in Acetic

The

Acid

Re o -I-l
2 7

Materials:

Re o , o.18
2 7
Acetic

Conditions:

195°/2275

psi/3

acid,

g.

(0.000371

mole)

25 ml.

hrs.

The catalyst
was very finely
divided,
much of which stayed
in suspension
even after centrifuging
for 2 hours.
Centrifuging
was continued
until
the solution
was essentially
clear,
after which
the catalyst
was washed several
times with the substrate
to be
reduced.
The catalyst
was used immediately
in the reduction.

Materials:

Conditions:

Re o , 0.18 g. (0.000371
2 7
Acetic Acid, 25 ml.
250°/3000

psi/1

hr.

mole)

The catalyst
was rather
The catalyst
was washed several
duced, and was used immediately.

-27course,
and settled
out immediately.
times with the substrate
to be re-

(c) Re o -l-3
2 7
Re2 o7 , 0.18

Materials:

Acetic
Conditions:

189°/2090

The catalyst
down by centrifuging.
3.

Acid,

psi/3

g.

(0.000371

mole)

25 ml.

hrs.

was finely
divided,
but most of it could be brought
The catalyst
was treated
in the same manner as (b).

Rhenium Heptoxide

Catalysts:

Reduced!!!

Situ

Only those catalyst
preparations
which were used for an analysis
or oxidation
state determination
will be given in this section.
All other
reductions
of rhenium heptoxide
!,!! .!!,!!! will be listed
under the specific
hydrogenations.
(a)

Re o -2
2 7

Materials:
Acetic
Conditions:

150°/1936

!!!!!.• Found:
cited

in 10 ml.

of water

87.54

Oxidation
of:
5.27,

state determination
5.51, 5.54, 5.21

The valence change corresponds
which corresponds
to rhenium monoxide.
(b)

50 ml.

hrs.

psi/2

Re, 88.23;

~• State Det'n.:
method gave values

Acid,

to an oxidation

by the

state

nreviously

of plus

Re o -2
2 7

Materials:

Conditions:
~•

156°/2600

Found:

The catalyst

.Q!_. State

Acetic

Acid,

psi/15

hrs.

Re, 74.97,
was dissolved

Det'n.

5.23;

50 g.,

in 20 ml. of water

75.72
with
4.59;

H o -NH 0H•
2 2
4

4.33

The valence change could correspond
to an oxidation
state
of
An oxidation
state
of two would correspond
to
either
two or three.
Re0•2¾H20 which has a rhenium content
of 75.33.

two,
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c.

Hydrogenation

Experiments
experi~which are cited in the individual
temperatures
and pressures
encountered
during

The conditions
ments are the average
the reductions.

The substrates
are listed
in the following
order;.
(1) car(3) aromatic compounds, (4) nitro
bonyl compounds, (2) olefins,
compounds, (5) carboxylic
acids,
(6) esters
and (7) miscellaneous
compounds.
1.

Hydrogenation
(a)

Derived

Catalysts

3-Pentanone
(1)

3-Pentanone:

Catalyst:
Conditions:
Yield:

0.17 mole

Re0 -1-4 (0.2 g.), Bl
3
161°/3673 psi/I
hr.

(d)

100% 3-pentanol
Refractive

Analysis:

~o

with Rhenium Trioxide

index.

(Product

20

ND -1.4079;

3-pentanol

-1.4077)
(b) 2,3-Butanedione
(1) 2,3-Butanedione:
Reo -I-4
3

Catalyst:
Conditions:
Yield:

0.18 mole in 15 ml. of ethanol

(0.2

204°/3950

g.),

psi/IO

73% 2,3-butanediol,

Analysis:

BI

(d)

hrs.
27% 2,3-butanedione

Gas chromatography

(c) Cyclohexanone
-(1) Cyclohexanone:
Re0 -1-4
3

Catalyst:
Conditions:
Yield:
Analysis:

o.15 mole
(0.2

123°/3590

47% cyclohexanol;

g.),

psi/7

Bl

(d)

hrs.

53% cyclohexanone

Gas chromatography

(d) Crotonaldehyde
(I)

Crotonaldehyde:

0.22 mole in 25 ml.

of cyclohexane

-29Catalyst:
Conditions:
Yield:

Reo -l-6 (0.2 g.),
3
147°/3742 psi/16

B 1 (f)
hrs.

loo% !!,-butanol

Analysis:

Gas chromatography

(e) Benzaldehyde
(1) Benzaldehyde:
Catalyst:
Conditions:
Yield:

(f)

Reo -2-1 (0.2 g.), B 1 (1)
3
124°/3605 psi/19.5
hrs.

88% benzyl

Analysis:

0.14 mole in 25 ml. of cyclohexane

alcohol;

12% benzaldehyde

Gas chromatograph

!!-Nitrobenzaldehyde
(1) ,!!-Nitrobenzaldehyde:

Catalyst:
Conditions:
Yield:

Reo -2-l (0.2 g), B 1 (1)
3
181°/3881 psi/5 hrs.

23% !!-aminobenzyl

Analysis:

0.10 mole in 50 ml. of cyclohexane

Chemical

alcohol;

77% tar

extraction

(g) 1-Hexene
(1) 1-Hexene:
Catalyst:
Conditions:
Yield:

0.18 mole

Reo -1-2 (0.2 g),
3
95°/3475 psi/15

B 1 (b)
hrs.

100% hexane

Analysis:

Gas chromatography

(h) Cyclohexene
(1) Cyclohexene:
Catalyst:
Conditions:
Yield:
Analysis:

0.18 mole

Re0 -l-3 (0.2 g.), Bl
3
131°/3571 psi/4 hrs.

100% cyclohexane
Gas chromatography

(c)
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(i)

Styrene
0.11 mole in 25 ml. of cyclohexane

(1) Styrene:
Catalyst:
Conditions:
Yield:

Re0 -l-l
(0.2 g.), B 1 (a)
3
135°/3706 psi/4 hrs.

100% ethylbenzene

Analysis:

Gas chromatography

(2) Styrene:
Catalyst:
Conditions:
Yield:

Re0 -2-l (0.2 g.),
3
121°/2735 psi/10

hrs.

Gas chromatography

Benzene
(1) Benzene:

Catalyst:
Conditions:
Yield:

Reo -2-2 (0.2 g.), B 1 (m)
3
240°/4772 psi/4 hrs.

None as no pressure

(2) Benzene:
Catalyst:
Conditions:
Yield:

0.19 mole

100% benzene

Analysis:

drop was attained.

o.19 mole

Reo -l-3 (0.2 g.),
3
226°/4636 psi/77

B 1 (c)
hrs.

100% benzene

Analysis:
ND-1.4883;

B 1 (1)

100% ethylbenzene

Analysis:
(j)

0.14 mole

Refractive

cyclohexane

index.

(Product•Nn-1.4977;

ND-1.4290)

(k) Pyridine
(1) Pyridine:
Catalyst:
Conditions:

0.19 mole

Reo -l-3 (0.2 g.), B 1 (c)
3
225°/3980 psi/26.5
hrs.

benzene

-31Yield:

48% piperidine,

Analysis:

52% pyridine

Gas chromatography

(1) 2-Nitropropane
(1) 2-Nitropropane:
Catalyst:

Reo -I-4
3

Conditions:
Yield:

0.17 mole
(0.2

227°/4484

g.),

psi/13

46% 2-aminopropane,

Analysis:

B 1 (d)
hrs.
32% tar,

22% 2-nitropropane

Gas chromatography

(m) Nitrocyclohexane
(1) Nitrocyclohexane:
Catalyst:

Re0 -1-2
3

Conditions:
Yield:

0.11 mole

(0.2

234°/4550

g.),

B 1 (b)

psi/36

hrs.

68% cyclohexylamine,

Analysis:

32% tar

Gas chromatography

(n) Nitrobenzene
(1) Nitrobenzene:
Catalyst:

Re0 -I-3
3

Conditions:
Yield:

0.12
(0.2

226°/4028

Conditions:

Analysis:

psi/24.5

hrs.

Acid

~-Nitrophenylacetic

Catalyst:

Yield:

B 1 (c)

Gas chromatography

(o) J?_-Nitrophenylacetic
(I)

g.),

100% aniline

Analysis:

of water.

mole

Acid:

o.oa

mole in 50 ml.

Re0 -2-l (0.2 g.), B 1 (1)
3
195°/4730 psi/9 hrs.

100% J?_-nitrophenylacetic
None as no pressure

acid
drop was attained.

-32{p) Formic Acid
(I)

Formic Acid:

Catalyst:
Conditions:
Yield:

{q)

Acid

Acetic

166°/3748

Butyric

Catalyst:

Ji

Ji

Acid:

0.17 mole in 25 ml. of cyclohexane
(0.2

144°/3577

g.),

psi/IO

B 1 (1)
hrs.

Gas chromatography

Isobutyric

Acid

Isobutyric

Acid:

Reo -l-6
3

Conditions:

(0.2

146°/3622

90% isobutanol,

Analysis:
Crotonic

0.17 mole in 10 ml.
g.),

psi/12

of water

B 1 (f)

hrs.

10% isobutyl

isobutyrate

Gas chromatography
Acid

(1) Crotonic
and 10 ml. of water
Catalyst:

acetate

100% l!_-butanol

Catalyst:

(t)

hrs.

33% ethyl

Re0 -2-l
3

Analysis:

Yield:

psi/5

B 1 (b)

Acid

Conditions:

(I)

g.},

Gas chromatography

(1) Butyric

(s)

(0.2

67% ethanol,

Analysis:

Yield:

0.25 mole

3

Conditions:

(r)

Acid:

Reo -l-2

Catalyst:

Yield:

acid

Gas chromatography

Acetic
(I)

Reo -I-6 (0.2 g.), B 1 (f)
3
166°/4412 psi/4 hrs.

100% formic

Analysis:

0.33 mole in 25 ml. of water

Acid:

Reo -l-6
3

0.18 mole in 25 ml. of cyclohexane

{0.2 g.),
'ii' j.'ffi

B 1 (f)
'

-33Conditions:
Yield:

146°/3295

-

Catalyst:
Conditions:

Re0 -I-5 (0.2 g.),
3
145°/3213 psi/11

Catalyst:
Conditions:

25% _a-pentyl

pentanoate

Acid:

0.10 mole in 25 ml. of cyclo-

Re0 -2-l (0.2 g.), B 1 (1)
3
144°/3814 psi/7 hrs.

100% .a-octanol

Analysis:

Gas chromatography

(w) Undecylenic

Acid

(1) Undecylenic
and 10 ml. of water
Catalyst:

Acid:

Re0 3 -l-6

Conditions:

(0.2

156°/3825

0.08 mole in 25 ml. of cyclog.),

B 1 (f)

psi/less

than

.
12 hrs.

100 % 1-hendecanol

Analysis:

Gas chromatography

(x) Benzoic

Acid

(1) Benzoie
Catalyst:
Conditions:
Yield:

hrs.

Acid

(1) Caprylic

Yield:

B 1 (e)

Gas chromatography

(v) Caprylie

hexane

0.15 mole

Acid:

75% _a-pentanol,

Analysis:

Yield:

butyrate

Acid

(1) Valerie

hexane

20% n-butyl

Gas chromatography

(u) Valerie

Yield:

hrs.

-

80% n-butanol,

Analysis:

psi/10

Acid:

0.12 mole in 10 ml. of water

Reo -2-2 (0.2 g.), B 1 (m)
3
165°/3800 psi/less
than 10.5 hrs.

43% benzyl

alcohol,

57% benzoic

acid

-34Gas chromatography
for the identification
Analysis:
and titration
for determination
of the unreof the alcohol,
duced acid.
(y} Ethyl

Acetate

(1) Ethyl
Catalyst:
Conditions:
Yield:

Acetate:

Reo -l-8 (0.2 g.},
3
175°/3690 psi/50

84% ethanol,

Analysis:

0.17 mole

16% ethyl

Catalyst:

Re0 -l-8
3

Conditions:

hexane

0.10 mole

(0.2 g.},

218°/4263

Gas chromatography

(aa) Ethyl

Benzoate

Conditions:
Yield:
Analysis:

hrs.

3% unknown compound, 12% butyl

Analysis:

(1) Ethyl

B 1 (h}

psi/28

85% n-butanol,

Catalyst:
hrs.

acetate

Butyrate

(1) Butyl Butyrate:

Yield:

hrs.

Gas chromatography

(z} Butyl

butyrate

B 1 (h}

0.10 mole in 15 ml. of cyclo-

Benzoate:

Re0 -l-9 (0.2 g.), B 1 (i)
3
Approx. 237°/approx.
4415 psi/less

93% benzyl

7%ethyl

alcohol,

than 80

benzoate

Gas chromatography

A leak developed shortly
place thus making it impossible
temperature
and pressure.

after reduction
began to take
to determine the exact time,

(bb} Hydrazobenzene
hexane

0.08 mole in 30 ml. of cyclo-

(1) Hydrazobenzene:
Catalyst:

Re0 -l-10
3

(0.2

g.),

Bl

(j}

Conditions:
Yield:

185°/4278

psi/33

hrs.

100¾ aniline

Analysis:
Chemical extraction
followed by distillation.
Produ(,;ts were identified
by their boi.li~.,points
and
refractive
indicies.
Product:
b.p. 180-182° {corr.),
NG0-1.5834
(aniline:
b.p. 184°, Nfio-1.5863.)
(cc)

Azobenzene
(1) Azobenzene:

Catalyst:
Conditions:
Yield:

0.06 mole in 30 ml.

of cyclohexane

Re0 -l-10 (0~2 g.), B 1 (j)
3
33°/2913 psi/12 hrs.

100¾ azobenzene

Analysis:
the recrystallized
azobenzene-68°)

Distillation
residue.

followed by a melting point of
m.p •. 66.5-67 .5° c.;
(Product:

A leak developed shortly
after the bomb was placed under
agitation.
This leak gave almost exactly the theoretical
drop,
after which no further
drop in pressure
was observed.
It was
thus assumed the reduction
had taken place, and the reduction
was stopped.
(2) Azobenzene:
Catalyst:
Conditions:
Yield:

0.06 mole in 30 ml. of cyclohexane

Re0 -l-10 (0.18 g.), B 1 (j)
3
195°/4353 psi/15 hrs.

96¾ aniline,

4¾ tar

Analysis:
Chemical extraction
tion.
Product:
b.p. 180-182° (corr.),
b.p. 1s4°, Nfio-1.ssG3.

followed by distillaN;0-1.5803;
aniline,

(dd) Capronitrile
(1) Capronitrile:
Catalyst:
Conditions:
Yield:
capronitrile

0.15 mole

Re0 -1-5 (0.2 g.),
3
125°/3705 psi/21

33¾ ~-hexylamine,

B 1 (e)
hrs.

21¾ unknown compound, 46¾

-36-

Analysis:
(ee)

Gas chromatography

Acetamide

(1) Acetamide:
Catalyst:

0.169 mole in 20 ml. of cyclohexane
(0.18

Re0 -l-10
3

Conditions:

200°/4296

g.),

psi/18

B 1 (j)
hrs.

88% ethylamine

Yield:

Analysis:
The amine was made acidic immediately upon
and disopening the bomb. The product was then made alkaline
tilled
into a standard hydrochloric
acid solution.
The excess
acid was back titrated
with standard sodium hydroxide to a phenolphthalein
end point.
The amount of amine absorbed by the acid
could then easily be calculated.
The calculation
was based on
the assumption that the entire basic component was composed of
ethylamine.
(ff)

Benzamide
(1) Benzamide:

Catalyst:
Conditions:
Yield:
tion

0.12 mole in 35 ml. of ethanol

Re0 -l-9 (0.2 g.),
3
220°/4630 psi/49

69% benzylamine,

Analysis:

Chemical

B 1 (i)
hrs.

21% benzamide,

extraction

followed

10% toluene
by distilla-

(gg) Acetanilide
(1) Acetanilide:

Reo3 -l-10

Catalyst:
Conditions:
Yield:

185°/4250

0.0743
(0.18

g.),

psi/31

71% N-Ethylaniline,

Analysis:

of ethanol

B 1 (j)
hrs.

29% aniline

Gas chromatography

2. Hydrogenations
Reduced ~ fil:.!.!!
(a) Acetic

mole in 20 ml.

Acid

with Rhenium Heptoxide

Derived

Catalysts

-37(1) Acetic
Catalyst:
Conditions:
Yield:

Acid:

(0.18 g.), B 2 (a)
Re2o7-l-l
160°/3766 psi/14 hrs.

87% ethanol,

Analysis:

acetate

Acid

(1) Butyric
Catalyst:

Acid:

0.11 mole in 3 ml. of water

o -l-2 (0.18 g.), B 2 (b)
2 7
202°/4354 psi/20 hrs.

Re

Conditions:

80% ,!!-butanol,

.Analysis:

20% ,!!-butyl

butyrate

Gas chromatography

(c) Caprylic

Acid

(1) Caprylic

Acid:

Re o7-1-3
2

Catalyst:
Conditions:
Yield:

13% ethyl

Gas chromatography

(b) Butyric

Yield:

0.17 mole in 3.5 ml. of water

147°/3740

0.07 mole in 6 ml. of water
(0.18

g.),

psi/10

B 2 (c)
hrs.

100% _!!-octanol

.Analysis:

Gas chromatography

--

3. Hydrogenations
Reduced In Situ

with Rhenium Heptoxide

Derived

Catalysts

(a) Cyclohexanone
(1) Cyclohexanone:

Catalyst:
Conditions:
Yield:
Analysis:

0.10 mole in 10 ml. of ethanol

Re o -2 (0.18 g.)
2 7
154°/3957 psi/3

100% cyclohexanol
Gas chromatography

(b) 1-Hexene

hrs.

-38(1) 1-Hexene:
Catalyst:
Conditions:
Yield:

0.12 mole

Re o -2 (0.18 g.)
2 7
100°/2215 psi/2.5

hrs.

100% hexane

Analysis:

Gas chromatography

(c) Styrene
(1) Styrene:
Catalyst:

Re

Conditions:
Yield:

0.10 mole in 10 ml. of ethanol

2o7-2 (0.18 g.)
109°/2430 psi/4

86% ethylbenzene,

14% polymer

Analysis:

Gas chromatography

(d) Acetic

Acid

(1) Acetic

Conditions:

150°/2465

Acid:

hrs.

0.33 mole in 20 ml. of water

Re2o -2 (0.4
7

Catalyst:
Conditions:

146°/1486

83% ethanol,

Analysis:

g.}(c}
psi/approx.

17.% ethyl

34 hrs.

acetate

Gas chromatography

(3} Acetic

Acid:

0.83 mole in 20 ml. of water

Re2o -2 (l.O
7

Catalyst:
Conditions:

Analysis:

psi/10

Gas chromatography

(2) Acetic

Yield:

g.)

100% ethanol

Analysis:

Yield:

0.09 mole in 50 ml. of water

Re2o7-2 (0.18

Catalyst:

Yield:

Acid:

hrs.

156°/2600

86% ethanol,

g.}(e}
psi/15

14% ethyl

Gas chromatography

hrs.
acetate

-39(4) Acetic
Catalyst:
Conditions:
Yield:

Acid:

Re o -2 (1.5 g.)
2 7
178°/2237 psi/13.5

93% ethanol,

Analysis:

Catalyst:

Re

Conditions:

11% a-butyl

Acid:

butyrate

0.14 mole in 50 ml. of water

Re o -2 (0.18

Conditions:

2 7
163°/2530

87% a-butanol,

Analysis:

g.)

psi/28

hrs.

13% !!-butyl

butyrate

Gas chromatography

Caproic

Acid

Caproic

Catalyst:
Conditions:

Acid:

0.09 mole in 4.5 ml. of water

Re2 o -2 (0.18 g.)
7
200°/2763 psi/2

93% caproyl

Analysis:

alcohol,

hrs.
7% caproyl

caproate

Gas chromatography

(2) Caproic
25 ml. of dioxane
Catalyst:
Conditions:
Yield:

hrs.

Gas chromatography

Catalyst~

Yield:

0.09 mole in 3 ml. of water

2o7-2 (0.14 g.)
150°/2619 psi/11

(2) Butyric

(l)

Acid:

89% a-butanol,

Analysis:

(f)

acetate

Acid

(1) Butyric

Yield:

7% ethyl

hrs.

Gas chromatography

(e) Butyric

Yield:

1.25 moles

Acid:

0.09 mole in 50 ml. of water

Re2o7-2 (0.18 g.)
175°/2575 psi/14

62% caproyl

alcohol,

hrs.
38% caproyl

caproate

and

-40Analysis:

Gas chromatography

(g) Caprylic

Acid

(1) Caprylic
25 ml. of dioxane

Re o -2

Catalyst:

2 7

Conditions:
Yield:

o.07 mole in 50 ml. of water

(0.18

163°/2837

g.)

psi/14

Analysis:

Gas chromatography

(h) Capric

Acid
Acid:

Conditions:

137°/2543

psi/3.5

hrs.

100% 1-decanol
Gas chromatography

(i)

Acid

Laurie

(1) Laurie
of dioxane
Catalyst:
Conditions:

Acid:

0.05 mole in 25 ml. of water

Re o -2 (0.18 g.)
2 7
168°/2811 psi/17

and

hrs.

100% dodecanol

Analysis:

Gas chromatography

(2) Laurie
and 20 ml. of dioxane
Catalyst:
Conditions:
Yield:

and

g.)

Analysis:

Yield:

hrs.

0.06 mole in 2 ml. of water

Re2o7-2 (0.18

Catalyst:

Yield:

and

100% ,!!-octanol

(1) Capric
25 ml. of cyclohexane

25 ml.

Acid:

Acid:

0.05 mole in 10 ml. of water

Re o -2 (0.18 g.)
2 7
293°/3713 psi/3

hrs.

100% dodecanol

Analysis:
Vacuum distillation.
(Product:
1420/10-11 mm; dodecanol b.p. 138-142°/10 nun.)

b.p.

138-

-41-

Due to a failure
in the thermostatting
device the
temperature
climbed to 350° before it was noticed.
The substrate
was rapidly
reduced, thus the above conditions
do not
represent
the minimal conditions
required
for the hydrogenati.on.
See below.
(3) Laurie
20 ml. of dioxane.

0.05 mole in 10 ml. of water

Re2o 7-2 (0.18

Catalyst:
Conditions:
Yield:

Acid:

160°/2730

g.)

psi/10

hrs.

100% dodecanol

(b.p. of productAnalysis:
Vacuum distillation.
137-1420/10-11
N~o-1.4405; lauryl alcohol b.p.-138-142°/10
NS0-1.4415)
(j)

Stearic

Conditions:
Yield:
acid

Acid:

0.04 mole in 10 ml. of water

Re o -2 (0.18
2 7

Catalyst:

265°/3600

g.)

psi/23.5

43% octadecanol,

Analysis:

mm.,

Acid

(1) Stearic
50 ml. of dioxane

stearic

and

and

/

hrs.

28% unknown compound, 29%

Gas chromatography

(k) fJ -Alanine
(1) /3-Alanine:
Catalyst:
Conditions:
Yield:

0.11 mole in 50 ml. of water

Re o -2 (0.18 g.)
2 7
250°/3095 psi/ 32 hrs.

92°/4propanol,

4% unknown compound, 4% fJ-alanine

Vacuum distillation
Analysis:
the alcohol on the gas chromatograph
(1) Phenylalanine

with

identification

of

-42-

(I)

Phenylalanine:

Re o -2 (0.04 g.)
2 7
330°/4721 psi/70

Catalyst:
Conditions:
Yield:
analysis

(m) Glutaric

Catalyst:
Conditions:
Yield:

drop was attained

therefore

Acid:

0.08 mole in 50 ml. of water

Re o -2 (0.18 g.)
2 7
250°/2631 psi/49.5

hrs.

100% 1,5-pentanediol

Analysis:

Gas chromatography

Ethyl

Acetate

(1) Ethyl
Catalyst:
Conditions:

Acetate:

0.11 mole

Re o -2 (0.18 g.)
2 7
148°/2806 psi/11

hrs.

100% ethanol

Analysis:

Gas chromatography

(o) Butyl Butyrate

(1) Butyl Butyrate:
Catalyst:
25 hrs.

Conditions:
Yield:
Analysis:

no

Acid

(1) Glutaric

Yield:

hrs.

100% phenylalanine

No pressure
.Analysis:
was ma.de.

(n)

0.01 mole in 50 ml. of water

0.07 mole

Re2o -2 (0.18 g.)
7
approx. 280°/approx.

69% a-butanol,

31%

Gas chromatography

4650 psi/approx.

~-butyl

butyrate

-43Due to a malfunction
of the recorder no pressure
drop
could be observed during the reduction,
but it was evident that
one had occurred on analysis
of the product.
The conditions
given above are probably somewhat higher than the minimal conditions for this reduction.
(p) Ethyl

Benzoate

(1) Ethyl
Catalyst:
Conditions:
Yield:

Re2o -2 (0.18 g.)
7
250°/4275 psi/less

89% benzyl

Analysis:

0.07 mole in 10 ml. of cyclohexane

Benzoate:

alcohol,

than 48 hrs.

11% ethyl

benzoate

Gas chromatography

(q) Hydrazobenzene
(I)

Hydra~obenzene:

Catalyst:
Conditions:
Yield:

0.05 mole in 30 ml.

Re o -2 (0.18 g.)
2 7
185°/4123 psi/42.5

97% aniline,

hrs.

3% hydrazobenzene

Analysis:
Chemical extraction
Fractions
were identified
by refractive
Nfio-1.5821/ aniline
b.p.
1820 (corr.),
(r)

of cyclohexane

followed by distillation.
index (Product:
b.p.
184°, N~0-1.5863).

180-

Azobenzene
0.05 mole in 30 ml. of cyclohexane

(1) Azobenzene:

Re2o 7-2 (0.18

Catalyst:
Conditions:
Yield:

125°/3660

92% aniline,

g.)

psi/24
5% tar,

hrs.
3% azobenzene

Analysis:
Chemical extraction
followed by distillation.
(Product:
b.p. 180-183° (corr.),
N~o-1.5831; aniline
b.p. 184°,
Nfio-1.5863).
(s) Acetamide
(1) Acetamide:
Catalyst:
Conditions:

0.17 mole in 20 ml. of cyclohexane

Re o -2 (0.18 g.)
2 7
217°/4595 psi/6

hrs.

-44Yield:

39% ethylamine

Analysis:
The product was made acidic immediately
upon
opening the bomb. The salt was made alkaline
and distilled
into
a standard
hydrochloric
acid solution.
The excess hydrochloric
acid was back titrated
with standard
sodium hydroxide to a phenophthalein
end point.
The amount of amine absorbed in the acid
was then calculated
from this data.
A severe leak developed shortly
after
the temperature
of
A large amount of the volatile
amine unthe bomb reached 220°.
doubtedly
escaped through this leak, thus accounting
for the low
yield of ethylamine.
(t)

Acetanilide
(1) Acetanilide:

Re o -2 (0.18
2 7

Catalyst:
Conditions:
Yield:

0.07

170°/4125

mole in 20 ml. of cyclohexane

g.)

psi/52

66% N-ethylaniline,

Analysis:

hrs.
34% aniline

Gas chromatography

(u) N-Etbylacetanilide
(1) N-Ethylacetanilide:
Re o -2 (0.18
2 7

Catalyst:
Conditions:
Yield:

245°/5162

g.)

psi/22

hrs.

95% N,N-diethylaniline,

Analysis:
4.

0.06 mole in 20 ml. of ethanol

5% unidentified

material

Gas chromatography

Hydrogenations

with

Rhenium Trichloride

Derived

Catalysts

(a) 2-Butanone
(1) 2-Butanone:

Rec1 -2 (0.05
3

Catalyst:
Conditions:
Yield:
Analysis:

0.06 mole in 10 ml. of ethanol

153°/4002

g.)

psi/6.5

100% 2-butanol
Gas chromatography

(b) 3-Heptanone
(I)

3~Heptanone:

0.04

mole

hrs.

solvent

-45ReC1 -2 (0.05
3

Catalyst:
Conditions:
Yield:

196°/4265

g.)

psi/43

hrs.

100% heptane

Analysis:

Gas chromatography

Reduction to the alcohol appeared to take place at about
while the hydrogenation
was
135-155° c., but this was overlooked
in progress.
As a result
the temperature
was increased
to about
225° where a second drop in pressure
occurred.
This final pressure drop was likely
the cleavage
of the hydroxyl group from the
carbon chain.
It is believed
that if the reduction
had been
stopped at about 155° the product would have consisted
chiefly
of
the alcohol.
(c) 2-0ctanone
(1) 2-0ctanone:

Rec1 -2 (0.05
3

Catalyst:
Conditions:
Yield:

145°/3917

10% 2-octanol,

Analysis:
slightly

0.03

mole

~'-~

g.)

psi/3

hrs •..

90% 2-oetanone

Gas chromatography

The yield of 2-octanol
would likely
have been higher
more drastic
conditions
had been used.
(d) 5-Hexene-2-one
(l}

5-Bexene-2-one:

Catalyst:
Conditions:
Yield:

Rec1 -2 (0.05 g.)
3
120°/3777 psi/24

mole

hrs.

100% 2-.hexano1

Analysis:
(e)

0.04

Gas chromatography

Cyclohexanone
(1) Cyclohexanone:

Catalyst:
Conditions:
Yield:
Analysis:

0.04

Rec1 -2 (0.05 g.)
3
150°/4200 psi/4

100% cyclohexanol
Gas chromatography

mole in 10 ml. of ethanol

hrs.

if

-46(f)

Crotonaldehyde
(1) Crotonaldehyde:

Catalyst:

ReC1 -2
3

Conditions:
pound,

(0.05

g.)

(. 146° /3600 psi/31.5

hrs.

10% butyraldehyde,
5% ethanol,
Yield:
8% butanol,
72% crotonaldehyde

5% unidentified

A leak developed during the reduction,
was prematurely
assumed to be complete.

thus

the hydrogena-

(g) 1-Hexene
(I)

0.05 mole i~ 10 ml.

1-Hexene:

Catalyst:
Conditions:
Yield:

of ethanol

ReC1 -2 (0.05 g.)
3
94 ° /3558 psi/2 hrs .•

100% hexane

Analysis:

Gas chromatography

(h) Cyclohexene
(1) Cyclohexene:
Catalyst:
Conditions:
Yield:

0.05 mole in 10 ml. of ethanol

Rec1 -2 (0.05 g.)
3
94°/3323 psi/29

36% cyclohexane,

Analysis:
(i)

hrs.

6.4% cyclohexene

Gas chromatography

Styrene
(1) Styrene:

Catalyst:
Conditions:
Yield:

0.04 mole in 10 ml. of cyclohexane

Rec1 -2 (0.05 g.)
3
115°/3220 psi/approx.

79% ethylbenzene,

Analysis:

5% styrene,

I hr.
16% polymer

Gas chromatography

(j) Benzene
(I)

com-

Gas chromatography

Analysis:
tion

0.06 mole

Benzene:

0.05 mole in 10 ml. of ethanol

Catalyst:
Conditions:
Yield:

-47ReC1 -2 (0.05 g.)
3
200°/4200 psi/9

94% benzene,

Analysis::

hrs.

6% cyclohexane

Gas chromatography

(k) Nitrobenzene
(1) Nitrobenzene:
Catalyst:

Rec1 -2 (0.05
3

Conditions:
Yield:

0.03 mole in 10 ml. of ethanol

275°/4950

psi/16

Acid extraction

(1) Acetic

Acid

(1) Acetic
Catalyst:
Conditions:

Acid:

acetate,

39% acetic

acid

Acid

(1) Butyric
Catalyst:
Conditions:

Acid:

0.05 mole

Rec1 ~2 (0.05 g.)
3
173°/4291 psi/3

83% ~-butanol,

Analysis:

hrs.

7% ~-butyl

butyrate,

Gas chromatography

(n) Ethyl

Acetate

(1) Ethyl
Catalyst:
Conditions:

Analysis:

9% ethyl

hrs.

Gas chromatography

(m) Butyric

Yield:

0.07 mole in 15 ml. of cyclohexane

ReC1 -2 (0.05 g.)
3
167°/4440 psi/17

52% ethanol,

Analysis:

Yield:

hrs.

100% aniline

Analysis:

Yield:

g.)

Acetate:

0.05 mole

Rec1 -2 (o ..•05 g.)
3
228°/4833 psi/23

64% ethanol,

36% ethyl

Gas chromatography

hrs.
acetate

lO"butyric

acid

IV.
A.

Catalyst
1.

Preparation

DISCUSSION

and Properties

Rhenium Trioxide

The rhenium trioxide
used in this study was prepared by a
(1) The isolation
of the gray dioxanevariety
of methods:
rhenium heptoxide
complex from a cold solution,
followed by the
(2) Evaporation
of
decomposition
of the complex to the trioxide,
the rhenium heptoxide-dioxane
solution
to dryness then decomposing the residual
complex by gentle heating,
and (3) Ev~porating
a solution
of rhenium heptoxide
in tetrahydropyran
to dryness and
in method
decomposing the residue in the same manner as indicated

(2).

The method in which rhenium trioxide
was prepared seemed
to have little
effect on the activity
of the particular
catalyst
in question.
by the first
method
Preparation
of rhenium trioxide
proved to be rather difficult.
'When solution
of the heptoxide
rather
was being effected
it was often prone to give a dark-black
than the desired colorless
solution.
This was believed to be due
to the partial
decomposition
of the heptoxide-dioxane
complex
either by the heating or by the presence of small traces of water.
Once the black solution
had formed the gray complex could not be
crystallized
out.
However, evaporation
to dryness and then
heating the residue,
as in the second method, yielded the triWhen prepared in this method the trioxide
appeared to be
oxide.
of the same quality
as that prepared by decomposition
of the
gray complex.
isolated

The third method yielded a trioxide
which from all appearances
and its catalytic
activity
was of the same quality
as
those prepared by the reduction
with dioxane.
A black complex
was again formed as in the dioxane-heptoxide
preparation
even
though care was taken in dissolving
the oxide.
In all preparations
in the crystals.
This east
of rhenium.

very little
bluish cast was apparent
indicated
the presence of other oxides

Traces of moisture were reported
as detrimental
to the
preparation
of rhenium trioxide
by the dioxane method.
However,
the accidental
introduction
of a fairly
large quantity
of water
into one of the preparations
(cf .;;,p;4 25) produced no noticeable
obtained.
The water
effects
on the quality
of the trioxide
entered the reaction
mixture after the complex had formed, thus
it was deemed possible
that moisture inhibited
only the initial
formation of the complex (perhaps due to hydrolysis
of the
-48-

-49heptoxide to perrhenic
complex itself.

acid),

and had little

or no effect

on the

The trioxide
catalyst
was not hygroscopic,
and was stable
to air oxidation
at fairly
high temperatures.
This property
made it possible
to store the catalyst
dry, and provided for convenient weighing and transfer
methods without fear of oxidation
or of contamination
with water vapor.
The catalytic
activity
of rhenium trioxide
was found to
to that of rhenium heptoxide reduced in situ,
be very similar
(e£- Tables I and III).
Rhenium heptoxide was extre'iiiely hygroscopic in nature,
and hydrolyzed to perrhenic
acid in the preHandling of the heptoxide proved to be much less
sence of water.
As a result
it appeared
convenient than it was with the trioxide.
that if either of these catalysts
were to be employed extensively
in laboratory
or industrial
operations,
the trioxide
would be
the better
choice.
2.

Rhenium Heptoxide

Derived

Catalysts

were reduced by the method
The catalysts
prepared ex~
(Wt"i>• 20T:' On removal from the bomb the
previously
described
catalysts
were generally
in a high state of subdivision.
Sometimes several hours of continuous centrifuging
were required
to
bring down the major portion of the suspended material.
In most
instances
the centrifuged
solution
was not entirely
clear,
but
still
retained
a small amount of the catalyst
in suspension.
The material
was washed with some solvent such as ethanol by centrifuging
and decanting several times.
strate

The catalyst
was then washed several times with the subto be reduced, and was used immediately.

of rhenium hepThe catalysts
obtained by the reduction
found to be less active than were
toxide ex situ were generally
Previous studies
(Shaw, rer.'. 10) showed· that
those prepared in situ.
the ex situ reduced catalysts
were more active only toward those
compoundswhich
tend to undergo acid catalyzed
condensations.
The catalysts
reduced ,!a!!!.!! were generally
unfavorable
in these
of rhenium heptoxide
reductions
because of the rapid hydrolysis
to perrhenic
acid in the presence of small traces of water.
The extremely hygroscopic
nature of the heptoxide required
very rapid transfer
and weighing techniques
when it was prepared
It was necessary that the
for introduction
into the bomb liner.
oxide be kept as anhydrous as possible
during this operation
to
eliminate
slight
errors in weighing, and more important,
to prevent loss of the heptoxide by adherence to the weighing vial.
Once the heptoxide had been transferred
into the substrate
small
traces of moisture were not harmful.
In many cases water was
used as solvent with results
as good or better
than if strictly
anhydrous conditions
were observed.

In many instances
it was necessary
to introduce
the oxide
acid.
The interval
between
into an acid substrate
such as acetic
the introduction
of the heptoxide
and the final pressurizing
of
This was necessary
to
the bomb was made as short as possible.
prevent
loss of the volatile
perrhenic
acid which was formed
rapidly
in the acid solution.
3.
quired

Rhenium 'l'richloride
The trichloride
was commercially
preparation,.
no special

available,

and thus

re-

All reductions
using this material
were carried
out in
situ by the same methods employed with the rhenium heptoxidederived catalysts.
The trichloride
was hygroscopic
to an even greater
extent
than the heptoxide.
The halide hydrolyzed
in water to give a
hydrate of rhenium sesquioxide
thus rapid weighing and transference
were necessary.
All reductions
were carried
out under anhydrous
conditions
for fear of hydrolyzing
the trichloride.
The actual
effect
of water on the catalytic
activity
was not determined.
Rhenium trichloride
is at the present
the most expensive
available.
The high cost and
compound of rhenium commercially
small supply of the chloride
required
the use of very small sammg. generally
being used in each reduction.
The gas
ples--50
chromatograph
was of great utility
in analyzing
the small amounts
of product obtained.
B.

Analysis
1.

of Catalysts

Ultimate

Analysis

During this study and in previous
researches
at these
laboratories
the problem of a satisfactory
catalyst
analysis
has
been the most elusive.
A great deal of time has been spent in an
attempt to obtain good analytical
data, but in few cases has this
been rewarded with anything but inconsistent
results.
Several analyses
were made during this study in an attempt
to get good analytical
data on the catalyst
derived by the reduction of rhenium heptoxide
in situ.
In most instances
results
aliquot
would differ
by
were poor.
In almost everyc;-one
several
percent
from the other two, even though all had been dried
out and dissolve.d
in the same manner.
Results
of two entirely
different
determinations
were seldom closer than two or three percent.
Never did the results
of an analysis
closely
agree with
the calculated
value for rhenium or one of its oxides.
However,
the difference
between the rhenium content in the sample and the
calculated
value for rhenium or one of its oxides.
However, the
difference
between the rhenium content in the sample and the calculated value could usually
be accounted
for by assuming water of
hydration
in the sample.

The cause of the poor analytical
data has not been ascertained with certainty,
but it may be due to errors arising
from
the use of excess nitric
acid while dissolving
the catalyst,
or
operational
errors of which the experimenter
was not aware~
The low quality
of the analytical
results
more accurate
data is necessary before any valid
be made as to the actual nature of the catalytic

indicates
conclusions
material.

that
can

In the ~et~l
experime~tal
procedure the catalyst
to be.
mixture by centrifuging.
analyzed was removed from the reduction
In many cases this was difficult
to accomplish due to the aforementioned suspensions.
The fine stat.e of subdivision
seemed to
occur most readily
when it was suspended in t4e more polar· solvents.
For example, in a reduction
mixture containing
a fairly
large amount of acetic acid or water several hours of centrifuging
Howwere required
to bring down most of the suspended material.
ever, if all of the acid had been reduced and very little
water
was present the catalyst
settled
out almost immediately.
This
phenomena was further
demonstrated
by the fact that once the
catalyst
was suspended in a solvent which was only slightly
polar,
such as ethanol,
it could be centrifuged
down in a matter of
minutes.
Once the catalyst
had been centrifuged
down, and was
washed well with ethanol it was placed under benzene or cyclowashing and decantation.
Analytical
results
hexane by further
when the catalyst
was stored
were found to be less satisfactory
under ethanol.
The percent rhenium actually
found was usually
somewhat lower than the calculated
value possibly
due to the
strong adsorption
of some of the solvent by the catalyst.
This
difficulty
seemed to be alleviated
somewhat by the practice
of
storing
the catalyst
under a hydrocarbon solvent.
During the drying opeJ:ation some difficulty
was encountered
of the catalyst.
In
with a few sample~ because of sublimation
some cases the sublimation
occurred to such an extent that several
milligrams
of catalyst
would be lost from the sample within a
was believed due to the incomplete
few hours.
'nle sublimation
reduction
of the heptoxide,
thereby yielding
a quantity
of the
volatile
trioxide.
when nitric
acid was used as the
Great care was required
oxidizing
agent.
In nitric
acid solution,
rhenium and its oxides
were oxidized to the volatile
perrhenic
acid.
Samples had to be.
to prevent loss of material.
dissolved
quickly and capped tightly
Nitrate
ion is precipitated
quantitatively
by tetraphenylarsonium
chloride,
and thus it was necessary
to avoid an excess
of the acid.
About one or two drops of the concentrated
nitric
acid
were added to the samples which were then heated in a tightly
capped vial.
Short intervals
of heating and cooling the vials

~'-
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were required
to prevent the buildup of excessive pressures.
If
the catalyst
did not dissolve
after heating for several minutes
another drop of the acid was added and the heating resumedo The
samples usually dissolved
rapidly and left little
or no insoluble
residue.
In some cases a small amount of aqueous hydrazine was
added in an attempt to destroy any excess nitrate
ion that might
be present.
Results of this addition
were not conclusive
but it
appeared to have some benefit.
The use of~~
hyd.r:ogen peroxide and ammonium hydroxide
tne eatal;yst I"equired no precautions
against volafor dissolving
tilization
as the perrhenic
acid formed was neutralized
immediately
by the ammonia.
method proved to be less advantageous,
howThis latter
ever, than the nitric
acid method because large amounts of peroxide
were necessary to effect solution
of the catalyst.
In many cases
more than 150 ml. of the reagent were required to dissolve
a 100
mg. sample.
The time required
for this method was also much longer
than the previous.
Sometimes several days were required
to
Insoluble
residues
presented
completely dissolve
a small sample.
more of a problem with the use of peroxide as an oxidant than when
nitric
acid was employed.
2.

Oxidation

State

Determination

Due to the high mole~ular weight of rhenium the various
oxides differ
in their rhenium content only by a few percent.
This obviously made it difficult
to accurately
determine which
sample.
Another factor
rhenium oxide was present in a particular
which added to the difficulty.of
recognizing
the oxide was the
problelit'·...,.."fttff
· of ·hydrati.OQ: ...
With the above factors
in mind the necessity
of an oxidation state determination
to supplement analytical
data should be
readily
apparent.
search
results

The oxidation
state determinations
performed in this reand in almost every case the
have been o:f' great utility,
clearly
indicated
the valence state of the catalyst.

The catalyst
was oxidized to the plus seven valence state
by dissolving
in acid dichromate solution.
On some occasions it
was necessary
to boil the mixture on a hot plate for more than 30
minutes before the catalyst
could be completely dissolved.
Solution could undoubtedly be effected
rapidly by the addition
o:f'
larger amounts of sulfuric
acid.
This was found undesirable
as
the acid will liberate
iodine from potassium iodide thereby giving high results.
During the heating period it was necessary
to add small
amounts of distilled
water occasionally
to prevent the solution
from boiling to dryness and subsequent loss of rhenium by volatilization
of perrhenic
acid.
It might be mentioned that loss of
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perrhenic
acid was not detrimental
to the accuracy of the determination,
but as the rhenium was to be recovered
at a later stage
it was desirable
to keep the loss at a minimum.
The determination
of the exact end point of the titration
presented
some difficulty,
and resulted
in slightly
erroneous
results due to the uncertainty
of the equivalence
point.
In order to calculate
the change in oxidation
state it
was necessary
to have.,an ae.curate knowledge of the rhenium actually
present
in the sample.
The poor quality
of the analytical
data made the acr-yrato determination
almost impossible,
and thus
introduced
additional
error in the final result.
In spite of the forementioned
difficulties
the determination was sufficiently
accurate
to give a good insight
as to the
actual chemical nature of the catalysts.
C.

Analysis

of Hydrogenation

Products

Needless to mention, the gas chromatograph
occupied a
very prominent position
in the analysis
of the hydrogenation
products.
A complete analysis
could be performed in about one
hour, and was much more accurate
than any of the usual analytical
procedures.
It was especially
useful in the analysis
of mixtures
This procedure
could be
containing
a large number of components.
utilized
in all but a very few instances
in which the boiling
point of the main component was very high.
The analysis
of binary mixtures was easily performed with
the use of plots of the refractive
indicies
versus the percent
composition.
The results
obtained by this method and by the gas
chromatograph
were generally
very comparable except in the few
cases in which an unsuspected
third component was present.
D.

Hydrogenations
1.

vestigating
catalysts.

Rhenium Trioxide

Derived

Catalysts

Table I summarizes the reductions
performed while inthe catalytic
activity
of rhenium trioxide
derived

The reduction
of 3-pentanone
at 161° and of 2,3-butanedione
at 204° required
conditions
slightly
more drastic
that were usually
necessary
for the hydrogenation
of a carbonyl group.
The one hour
indicated
that
period required
for the reduction
of 3-pentanone
much milder conditions
could have been employed in the hydrogenation.
the

Cyclohexanone was reduced at 123° which was comparable to
conditions
required
with many of the other rhenium catalysts.

TABLEI
HYDROGENATIONS
USING RHENIUMTRIOXIDE DERIVEDCATALYSTSREDUCED,!! §.!!'Q

No.
1

3-Pentanone

2

2,3-Butanedione

3
4
5
6

Catalyst
Code No.

Substrate

Avg. Press.
(psig}

Avg. Temp.
( oc:.)

Time

(hrs.}

% Yield

Re0 3-l-4

3673

161

1

100

Re0 3-1-4

3950

204

10

73
27

2,3-Butanediol
2,3-Butanedione

Cyclohexanone

ReO3-1-4
.

3590

123

7

47
53

Cyclohexanol
Cyclohexanone

Crotonaldehydeb
Benzaldehyde b

Re0 3-1-6

3742

147

16

100

Re0 -2-1
3

3605

124

19.5

88
12

ReO3-2-1

3881

181

5

23

m-Nitrobenzaldehydeb

a

77
7

1-Hexene

8

Cyc:lohexene

9

Si_;;yre!J.e

b

Styrene
10

Product

Benzene
Benzene

3-Pentanol

-

n-Butanol

Benzyl Alcohol
Benzaldehyde
m-Aminobenzyl
.Alcohol

Tar

ReO -1-2
3
ReO3-1-3
..

3475

95

15

100

Hexane

3571

131

4

100

Cyclohexane

Re0 -l-l
3
ReO -2-1
3
ReO -2-2
3

3706

135

4

100

Ethyl benzene

2735

121

10

100

Ethyl benzene

4772

240

4

100

Benzene

ReO3 -1-3

4636

226

77

100

Benzene

I

()I

t

TABLE !--Continued
HYDROGENATIONS
USING RHENIUMTRIOXIDE DERIVEDCATALYSTSREDUCED!!'!SITU

No.

Catalyst
Code No.

Substrate

Avg. Press •.
(psig}

Avg. Temp.
(oc .• )

Time
(hrs.}

% Yield

Product

11

Pyridine

ReO -1-3
3

·39so

225

26.5

48
52

Piperidine
Pyridine

12

2-Nitropropane

Re0 .-l-4
3

4484

227

13

46
32
22

2._Aminopropane
I

13

Nitrocyclohexane

14

Nitrobenzene

15

;e-Nitrophenyl;..
acetic Acid

:1.6

Formic Acidc

17

Acetic

18

Butyri'?.~cid~

19

-

Acid

Isobutyric

..

Tar

·~Nitropropane

Acid

C

ReO3-1-2

4550

234

36

Reo3-1-3

4028

226

24.5

100

Aniline

Re03-2-l

4730

195

9

100

R,-Nitropheny-1acetic Acid

ReO3-1-6
ReO3 •l-2

4412

166

4

100

Formic Acid

3748

166

5

67
33

ReO
. 3..2 ...1.

3577

144

10

100

ReO -1-6
3

3622·

146

10

90

68
32

10

Cyclohexylamine
Tar

Ethanol
Ethyl Acetate
~-Butanol
Isobutanol
Isobutyl Isobutyrate

81

'

TABLE !--Continued

HYDROGENATIONS
USING RHENIUMTRIOXIDEDERIVEDCATALYSTSREDUCED,!!~

No.

Catalyst
Code No.

Substrate
Acidb,c

20

Crotonic

21

Valerie

22

Caprylic

23

Undecylenic
Acidb,c

24

Benzoic

25

Ethyl

26

Avg. Press.
(psig)

Avg. Temp.

(oc.)

Time

(hrs.)

% Yield

Product

Re0 -1-6
3

3295

146

10

80
20

n-Butanol
~-Butyl~Butyrate

Re0 -1-5
3

3212

145

11

75
25

-

Re0 -2-1
3 '

3814

144

7

100

~-0ctanol

Re0 -1-6
3

3825

156

12

100

1-Hendecanol

Re0 -2-2
3

3800

165

10.5

43
57

Benzyl Alcohol
Benzoic Acid

Acetate

Re0 -1-8
3

3690

175

50

84

16

Ethanol
Ethyl Acetate

Butyl

Butyrate

Re0 -1-8

4263

218

28

85
3
12

~-Butanol
Unknown compound
Butyl Butyrate

27

Ethyl

Benzoate

Reo -l-9
3

4415

237

80

93
7

Benzyl Alcohol
Ethyl Benzoate

28

Hydrazobenzene

Re0 -l-10
3

4278

185

33

100

Acid

Acidb

Acidc

3

b

b

n-Pentanol
~-Pentyl ~Pentanoate

Aniline

'I

tl'I
0)

TABLE !--Continued

--

HYDROGENATIONS
USINGRHENIUMTRIOXIDEDERIVEDCATALYSTS
REDUCED
IN SITU

No.
29

Catalyst
Code No.

Substrate
b

Azobenzene

b

Azobenzene
30

Capronitrile

Avg. Press.
(psig)

Avg. Temp.
(oc.)

Time
(hrs.l

%Yield

Product
Azobenzene

Reo 3 -l-10

2913

33

12

100

Re0 -1-10
3

4353

195

15

96

Aniline

ReO -1-5
3

3705

125

21

33
21
46

,!!-Hexylamine
Unknown Compound
Capronitrile

4

Tar

.

31

Acetamideb

Re0 3 -l-10

4296

200

18

88

Ethylamine

32

Benzamidea

ReO3 -1-9

4630

220

49

69
10
21

Benzylamine
Toluene
Benzamide

33

Acetanilideb

ReO -1-10
3

4250

185

31

71
29

N-Ethylaniline
Aniline

~thanol
b

used as solvent.

-Cyclohexane

C

used as S(?lvent.

Water used as solvent.

<ilioxane
-'

used as solvent.

I
"1
I

(J1
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.An attempt was made to selectively
reduce the olefinic
bond or the aldehyde group in crot'onaldehyde.
No reduction
took
place until
the temperature
reached 147° wherea£ter
both functions reduced yielding
100% ,a-butanol.
The reduction
of benzaldehyde
occurred under slightly
milder conditions
than did crotonaldehyde.
The reduction
of filnitrobenzaldehyde
took place under conditions
rather
mild for the
reduction
of a nitro group using this catalyst.
However, a high
yield of tar was obtained,
and no selectivity
toward either
group
was observed.
The rhenium trioxide
catalyst
showed a slightly
higher
exhibited
by most rhenium
activity
toward 1-hexene than was usually
catalysts
investigated
in these laboratories.
Cyclohexene required slightly
more severe conditions,
but the short period required for the reduction
indicated
that minimal conditions
had
been exceeded.
slightly
catalysts.
benzene

of 121-135° which was
Styrene reduced at a temperature
more extreme than required
with many of the other rhenium
The catalyst
showed no activity
toward the reduction
of
even under such drastic
conditions
as 240° and 4800 psi.

Pyridine
was the only heterocyclic
compound on which a
reduction
was attempted.
It yielded
only about 48% piperidine
under drastic
conditions.
The catalyst
exhibited
low activity
toward the nitro
function,
and yielded a high percentage
of tar in the reductions
of 2-nitropropane
and nitrocyclohexane.
Nitrobenzene
was reduced
to aniline
with no tar formation,
however, drastic
conditions
were required.
The trioxide
derived catalyst
showed excellent
activity
toward the carboxylic
acids.
Butyric and caprylic
acids were
reduced quantitatively
to the corresponding
alcohols
at the very
of 144°.
Isobutyric
acid required
a temperature
mild temperature
90% of the alcohol.
of 146° and yielded
Acetic,
valeric
and undecylenic
acids were reduced under
somewhat more drastic
conditions.
The former gave a lower yield
of the alcohol,
but undecylenic
acid was reduced to the alcohol
in quantitative
yield.
Formic acid could not be reduced
up to 166° were employed •

even though

temperatures

.An attempt was made to selectively
reduce the carboxyl
group of crotonic
acid while leaving the olefinic
bond undisturbed.
The attempt was unsuccessful,
however, yielding
primarily ,a-butanol
and a small amount of butyl ester.

··59conditions
The yield

The reduction
of benzoic acid with this catalyst
required
somewhat more drastic
than were generally
necessary.
of benzyl alcohol was rather
low.

A previous
study in this
presence
of water in the substrate
duced a much higher yield of the
Water was employed to
formation.
ductions,
but its effect
will be
in the following
section.

laboratory
revealed
that the
to be reduced usually proalcohol with little
or no ester
a slight
extent in these redemonstrated
to a greater
degree

The catalyst
showed good activity
toward the reduction
of
esters,
however, conditions
necessary
for the hydrogenation
were
more drastic
than were those required
for the corresponding
carboxylic
acids.
Ethyl acetate
was reduced in good yield at
temperatures
as low as 175°.
Temperatures
of 218-237° were required for the reductions
butyl butyrate
and ethyl benzoate.
The activity
of the catalyst
toward nitrogen
containing
functions
was further
tested
in the reduction
of hydrazobenzene
and azobenzene.
The trioxide
exhibited
definite,
but mild activity
toward these compounds at temperatures
of 185-195° giving
aniline
in high yield in both cases.
Reduction of azobenzene to
hydrazobenzene
was attempted,
but none was observed until
conditions were drastic
enough to totally
reduce the compound to
aniline.
Capronitrile
was reduced under mild conditions
for the
nitrile
group, but the amine was obtained
only in low yield.
Evidently
a side reaction
occurred during the reduction
yielding
an unidentified
product in fairly
high yield.
During the latter
stages of this study it was found that
the trioxide
derived catalyst
appeared to have excellent
activity
toward the reduction
of amides.
Acetamide was reduced at 200° giving a good yield of
ethylamine.
The reduction
of benzamide at 220° resulted
in a
however
slight
cleavage
of the amino group giving some toluene,
benzylamine
was produced in good yield.
The properties
has not been studied
far
have an activity

of this catalyst
in the reduction
of amides
extensively,
but thus far it appears to
superior
to any known catalyst.

The catalyst
appeared to have good activity
toward the
anilides
as well as the amides.
For example, acetanilide
was
reduced under very mild conditions,
185°, giving principally
Nethylaniline.
A small amount of anilin~
was formed by the cleavage
of the ethyl group.

2. Rhenium Heptoxide
Acetic Acid

Derived

Catalysts

Reduced~~

in

situ reThe properties
of the catalyst
obtained by the~
were studied
in previous
investigaductions
of rhenium heptoxide
tions in this laboratory.IO
Several of the reductions
of carboxylic acids were repeated
to verify
the data on these reductions.
These hydrogenations
have been summarized in Table II.
The rhenium heptoxide
derived catalysts
exhibited
good
activity
toward the reduction
of the carboxylic
acids.
Acetic
and caprylic
acids reduced under conditions
almost identical
with
those required
using rhenium trioxide
derived catalysts.
for

this

Butyric acid
catalyst.

was reduced

at 202° which was fairly

Water was added to the substrate
as a result
a good yield of the alcohol
case.
3.

Rhenium Heptoxide

Derived

drastic

in each reduction,
and
was obtained
in every

Catalysts

Reduced!!!~

A number of substrates
were reduced in furthering
the
catalysts
study of the catalytic
activity
of the rhenium heptoxide
reduced~~•
The results
of these experiments
are summarized
in Table III.
Previous studies
of this catalyst
were made in this
laboratory.IO
The in situ derived catalyst
tivity
towardthecarbonyl
function
rhenium catalysts.
The temperature
for the reduction
of cyclohexanone,
cated by the short reduction
period.

showed slightly
lower acthan did the majority
of the
of 154°, which was required
may be slightly
high as indi-

The conditions
for the reduction
of 1-hexene were somewhat higher than those required
with the rhenium trioxide
catalyst.
Styrene was reduced at 109° which was comparable with the activity
of most rhenium derived catalysts.
The heptoxide
derived catalysts
showed very high activity
acids.
Most reductions
occurred
in
in the reduction
of carboxylic
the range of 150-175° at 3000 to 4000 psi.
yield
Acetic acid was reduced at 150° giving a quantitative
of ethanol.
The reduction
was performed several
times to obtain
catalyst
for analysis.
In many cases no special
effort
was made
to obtain strictly
minimal conditions.
of butyric
acid was performed in two difThe reduction
ferent
instances.
A good yield of the alcohol was obtained
in
both cases under mild
conditions.

TABLEII
HYDROGENATIONS
CSING RHENIUMHEPTOXIDEDERIVEDCATALYSTSREDUCED!!:!fil!£ IN ACETIC ACID

No.

Catalyst
Code No.

Substrate

1

Acetic

2

Butyric

3

Caprylic

Acida
Acida
Acida

Avg. Press.
{psig)

Avg. Temp.

<•c. l

Time
{hrs.)

% Yield

Product

ReO -1-1
7

3766

160

14

87
13

Ethanol
Ethyl Acetate

Re O -1-2
2 7

4354

202

20

80
20

E-Butanol
E-Butyl ,!l-Butyrate

Re 2O7-1-3

3740

147

10

100

E-Octanol

I

r

C)')

8water

used as solvent.

TABLE III

--

HYDROGEl'JATIONS
USING RHENIUMHEPTOXIDEDERIVED CATALYSTSREDUCEDIN SITUa

.Avg. Pre$s.
(psig}

Avg. Temp.

( •c.)

% Yield

Product

3

100

Cyclohexanol

100

2.5

100

Hexane

2430

109

4

86
14

(50 ml.}

2465

150

10

100

Acid

Water (20 ml.)

1486

146

34

83
17

Ethanol
Ethyl Acetate

Acetic

Acid

Water (20 ml.)

2600

156

15

86
14

Ethanol
Ethyl Acetate

Acetic

Acid

None

2237

178

13.5

93
7

Ethanol
Ethyl Acetate

2619

150

11

89
11

_!!-Butanol
,!!-Butyl ,!!Butyrate

2530

163

28

87
13

n-Butanol
!i-Butyl ,!!Butyrate

2763

200

2

93
7

Caproyl
Caproyl

No.

Substrate

1

Cyclohexanone

Ethanol

3957

154

2

1-Hexene

None

2215

3

Styrene

Ethanol

4

Acetic

Acid

Water

.Acetic

5

6

Time
(hrs.)

Solvent

(3 ml.)

Butyric

Acid

Water

Butyric

Acid

Water (50 ml.)

Caproic

Acid

Water (4.5

ml.)

Ethyl benzene
Polymer
Ethanol

I

Alcohol
Caproate

~
I

TABLE III--Continued

HYDROGENATIONS
USING RHENIUMHEPTOXIDEDERIVEDCATALYSTSREDUCEDIN SITUa

No.

Substrate
Caproic

7

Caprylic

8

Caprie

9

Avg. Press.
(psig)

Solvent

.Acid
Acid
Acid

Avg. Temp.

c•c.)

Time

(hrs.)

%Yield

Product
Caproyl
Caproyl

Water (50 ml.)
Dioxane

&

2575

175

14

62

Water (50 ml.)
Dioxane

&

2837

163

14

100

!l-Oetanol

2543

137

100

!l-Deeanol

Cyelohexane &
Water (25 ml.)

3.5

38

Alcohol
Caproate

0)

Laurie

Acid

Water (25 ml.)
Dioxane -

& 2811

168

17

100

Dodeeanol

Laurie

Acid

Water (10 ml.)
Dioxane

&

3713

293

3

100

Dodeeanol

Laurie

Acid

Water (10 ml.)
Dioxane

&

2730

160

10

100

Dodecanol

Water (10 ml.)
Dioxane

&

3600

265

2;$.5

43
28
29

Octadeeanol
Unknown Compound
Stearic
Acid
Propanol
Unknown Compound
/J-Alanine

"'·A,.,

·> ·:;

Acid

,.'

10

Stearic

11

(3-Alanine

Water

(50 ml.)

3095

250

32

92
4
4

12

Phenylalanine

Water

(50 ml.}

4721

330

70

100

Phenylalanine

TABLE III--Continued

--

HYDROGENATIONS
USING RH.ENii:JMHEPTOXIDE
DERIVEDCATALYSTSREDUCEDIN SI'.l'tt'

No.

Substrate

Solvent

Avg. Press.
(psig}

Avg. Temp. Time
(•c.)
(hrs.)

% Y:i,elcl

Product

Water (50 ml.)

2631

250

49.5

100

1,5-Pentanediol

Acetate

None

2806

148

11

100

Ethanol

Butyl

Butyrate

None

4650

280

25

69
31

n-Butanol
Butyl Butyrate

16

Ethyl

Benzoate

Cyclohexane

4275

250

48

89
11

Benzyl Alcohol
Ethyl Benzoa.te

17

Hydrazobenzene

Cyclohexane

4123

185

42.5

97

Aniline
Hydrazobenzene

18

Azobenzene

Cyclohexane

3660

125

24

92
5
3

Tar

Ethylamine b

13

Glutaric

14

Ethyl

15

Acid

3

19

Acetamide

Cyclohexane
(20 ml.)

4595

217

6

39

20

Acetanilide

Cyelohexane
(20 ml.)

4125

170

52

66

34

Aniline

Azobenzene

N-Ethylaniline
Aniline

1
'

,

'DIBLE III--Continued

HYDROGENA'a.'IONS
USINGRHENIUM
HEPTOXIDE
DERIVEDCATALYSTaREDUCED
!! SIT'lf

No..
21

Substrate
N-Ethylacetanilide

.&vg. Press.
(psig)

Solvent
Ethanol

{20 ml.)

5162

Aivg. Temp.. Time
(oc.)
(hrs'-)
245

22

"Yield
95
5

code in each ease was Re 2o -2.
7
thus much of the volatile
b.!. leak developed during reduction
could be made.
analysis

Product
N,N•Diethylaniline
Unidentified
Material

1,

•The catalyst

amine was lost

before

an

l"-

-66-

The mildest conditions
yet encountered
in the reduction
of
a carboxylic
acid were t~ose observed in the hydrogenation
of
capric acid.
The short reduction
period indicated
that the temperaDecanol was obtained
in
ture of 137° was higher than necessary.
quantitative
yield.
Laurie acid proved to be slightly
more difficult
to reduce
but the alcohol was obtained in quantitative
than the other acids,
yield in all cases tried.
Stearic
acid was by far the most difficult
of the carboxylic
Strenuous
conditions
were necessary
to obtain
acids to hydrogenate.
the alcohol
in low yield.
A side product of undetermined
structure
was formed during the reduction.
The primary purpose of investigating
the catalyst
was to
of water on the percent ester formed during the
study the effects
reduction.
water
cases

Figure 1 compares the yield of alcohol in the presence
In most
with that obtained under anhydrous conditions.
the remainder of the product consisted
of ester.

of

With the exception
of hexanoic and stearic
acids,
the increase in alcohol produced by the addition
of water to the reduction mixture was very substantial.
There was reason to believe
that the amount of alcohol obtained
in the hexanoic acid reduction
was lower than it would be if further
hydrogenations
were performed.
of alcohol was especially
notable in the reThe increase
ductions
of decanoic,
dodecanoic and octanoic acids where the
percent
alcohol formed in the presence
of water was almost double
that produced from anhydrous reactants.
The rhenium heptoxide
catalyst
reduced!!!.!!!!.
was used in
an attempt to reduce 13-alanine.
The conditions
required
were so
drastic
that the amino group was cleaved off yielding
chiefly
propanol.
A small amount of an unidentified
compound was also formed.
drastic

Phenylalanine
could
conditions
of 330°.

not be reduced

The reduction
of the bifunctional
much more strenuous
than those
conditions
responding
monofunctional
compounds.

under

the extremely

glutaric
necessary

acid required
for the cor-

The catalyst
showed high activity
toward the reduction
of
esters.
Ethyl acetate
was reduced under a mild 148° while butyl
butyrate
and ethyl benzoate required
temperatures-of
280° and 250°
respectively.
and azobenzene were reduced in high yield
Bydrazobenzene
mild conditions.
An attempt was made to
to aniline
under fairly
partially
reduce azobenzene to hydrazobenzene,
but the experiment
was not successful.

Figure

--

1:
THE EFFECT OF WATERON THE REDUCTIONOF CARBOXYLIC
ACIDS WITH RHENIUMHEPT0XIDEIN SITU AT.CA. 150° AND4000 PSIG
.
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Rhenium heptoxide derived catalysts
were found to exhibit
catalysts.
the same high activ~ty towards amides as the trioxide
Acetamide was reduced at 217° giving 39% ethylamine.
The
amine was believed to have been produced in much higher yield, but
a bad leak developed in the bomb during the reduction.
Undoubtedly
much of the volatile
amine was lost as a result.
The catalyst
exhibited
high activity
toward the reduction
of acetanilide.
The compound was reduced in good yield to N•
ethylaniline
at 170°.
Some aniline was also formed in small amounts.
N-Ethylaeetanilide
gave an excellent
yield of N,N-diethylaniline at 245°~ A small amount of an unidentified
product was produced, possibly
by cleavage within the molecule.
4.

Rhenium Trichloride

Catalysts

Derived!!!

fil!.!!

The catalytic
activity
of the trichloride
derived catalyst
was studied by making a variety
of reductions
using various substrates.
The results
of these hydrogenations
are listed
in Table

IV.

The trichloride
derived catalyst
exhibited
lower activity
toward the reduction
of carbonyl compounds such as 2-butanone and
The reduction
2-octanone than did most of the rhenium catalysts.
of 2-butanone took place at 153° giving a quantitative
yield of
the alcohol.
However, 2-octanone at 145° gave only 10% reduction.
An
At 196° 3-heptanone was reduced entirely
to heptane.
initial
pressure drop at about 135-155° appeared to occur, but
this was overlooked while the hydrogenation
was in progress.
As
was increased
to about 225° where a second
a result
the temperature
drop in pressure took place.
It is believed that the hydrogenation would have yielded chiefly the alcohol if the reduction
had
been stopped at about 155°.

An attempt was made to selectively
using the trichloride
derived catalyst.
a relatively
mild 120°, but no selectivity

reduce 5-hexene-2-one
Reduction took place at
was observed.

The reduction
of cyclohexanone occurred under conditions
comparable to those required for the hydrogenation
of other
carbonyl compounds using this catalyst.
Crotonaldehyde
was selectively
reduced to a slight
extent
and butanol were attained
at a temperature
of 146°. Butyraldehyde
in almost equal portions.
A small amount of ethanol and several
unidentified'components
were also produced.
A slight
leak develto follow the extent of the
oped in the system making it impossible
reduction.
As a result the hydrogenation
was stopped prematurely.
The trichloride
derived
toward the olefinic
compounds.

catalyst
exhibited
good activity
Cyclohexene and 1-hexene were both

TABLEIV
HYDROGENATIONS
USING RHENIUMTRICHLORIDEDERIVEDCATALYSTSREDUCED,!! SITu8-

No.

Substrate

Solvent

Avg. Press.
{psig)

Avg. Temp.
{ oc.)

Time
(hrs.)

% Yield.

Product

100

2-Butanol

43

100

Heptane

145

3

10
90

2-0etanol
2-0ctanone

120

24

100

2-Hexanol

1

2-Butanone

Ethanol

4002

153

2

3-Heptanone

None

4265

196

3

2-0ctanone

None

3917

4

5-Hexene-2-one

None

3777

6.5

5

Cyelohexanone

Ethanol

4200

150

4

6

Crotonaldehyde

None

3600

146

:u.s

100
10

5
5
8

72

b

Cy,elohexanol

Butyraldehyde
Ethanol
Unidentified
Compounds
Butanol
Crotonaldehyde

7

1-Hexene

Ethanol

3558

94

2

100

8

Cyclohexene

Ethanol

3323

94

29

36
64

Cyelohe:x:ane
Cyclohe:x:ene

9

Styrene

Cyclohe:x:ane

3220

115

1

79

Ethyl benzene
Styrene
Polymer

5

16
10

Benzene

Ethanol

4200

200

9

94

6

Hexane

Benzene
Cyclohexane

'

c.,)

co
I

TABLE IV--Continued

--

HYDROGENATIONS
USING RHENIUMTRICHLORIDEDERIVEDCATALYSTSREDUCEDIN SITUa

No.

Substrate

11

Nitrobenzene

Ethanol

12

Acetic

Cyclohexane

13

Butyric

14

Ethyl

Acid

Acid

Acetate

Solvent

None

None

Avg. Press.
(psig)

Avg. Temp. Time
(hrs.)
(°C.)

% Yield

Product
Aniline

4950

275

16

100

. 4440

167

17

52
9
39

Ethanol
Ethyl Acetate
Acetic Acid

4291

173

3

83
7
10

n-Butanol
i-Butyl !,!Butyrate
Butyric Acid

64
36

Ethanol
Ethyl Acetate

4833

228

code in each case was ReC1 -2.
3
of this reduction
were far in excess
bThe conditions
sult the hydroxyl group was cleaved from the carbon

23

aThe catalyst

of the minimal value,
chain.

and as a re-

•
•

-,J

0

-71-

reduced at 94°.
Cyclohexane was obtained
in only 36% yield indiconditions
were required.
However,
cating that more drastic
in quantitative
yield.
hexane was obtained
Styrene required
slightly
more drastic
conditions
as would
be expected from its conjugation
with the aromatic ring.
The
short reduction
time indicated
the conditions
were probably higher
than minimal.
The formation
of a small amount of polymer effectively
removed the catalyst
from the solntion,
thus preventing
the quantitative
reduction
of the styrene.
benzene

activity
The catalyst
appeared to have a slight
ring as exhibited
by 6% reduction
at 200°.

benzene

Aniline was produced in quantitative
was reduced under somewhat strenuous

toward

the

yield when nitroconditions
at 275°.

The trichloride
catalyst
exhibited
high activity
toward the
carboxylic
acids,
however, this activity
was not as pronounced as
that of the other catalysts
used in this study.
Acetic and butyric
respectively.
The minimal
to have been exceeded.

acids were reduced at 167° and 173°
conditions
for the latter
appeared

The catalyst
possessed
only moderate activity
in the reduction of esters.
Ethyl acetate
reduced at 228° yielding
only a
fair proportion
of ethanol.
E. A Comparison of Rhenium Trioxide,
Trichloride
Catalysts

Rhenium Heptoxide

and Rhenium

In general the rhenium trioxide
and rhenium heptoxide
catalysts were very similar
in their relative
activities.
Rhenium
trichloride
was somewhat less reactive
than either
of the oxide
catalysts.
The results
of these studies
are summarized in Table v.
Rhenium chloride
was comparable to the heptoxide
derived
catalyst
in the reduction
of cyclohexanone.
Rhenium trioxide
appeared to exhibit
slightly
higher activity
in this and other carbonyl
hydrogenations.
Crotonaldehyde
was reduced quantitatively
to n-butanol
using the trioxide
catalyst.
The trichloride
exhibited
slight
selectivity
of reduction
giving almost equal amounts of ,!!-butanol
and butyraldehyde.
The trichloride
proved superior
to both the trioxide
and
heptoxide
derived catalyst
in the reduction
of 1-hexene.
However,
the heptoxide
seemed to be more active
for the reduction
of styrene.
The trioxide
required
somewhat more drastic
conditions
for this
latter
reduction.

TABLEV
COMPARISON
OF RHENIUMTRIOXIDE, RHENIUMHEPTOXIDE
ANDRHENIUMTRICHLORIDECATALYSTS

No.
l

Substrate
Cyclohexanone

Crotonaldehyde

Avg. Temp.
(•c.)

Time
(hrs.)

Product

"Yield

3590

123

7

47

3957

154

3

100

Cyclohexanol

Rec1 -2•
3
ReO3 •l-6 b

4200

150

4

100

Cyclohexanol

3742

147

16

100

Rec1 -2
3

3600

146

:n.5

Re0 3-l-4
Re207-2

2

Avg. Press.
(psig)

Catalyst

a

53

10

5
5

8

72
3

4

1-Hexene

Styrene

ReO3-1-2
Re o -2
2 7
Rec1 -2a
3
ReO3-2-1
Re o -2 a
2 7

3475

95

2215

100

3558

15

Cyclohexanol
Cyclohexanone

r

-

Butyraldehyde
Ethanol
Unidentified
pound

Butanol
Crotonaldehyde

100

Hexane

2.5

100

Hexane

94

2

100

Hexane

2735

121

10

100

Ethyl benzene

2430

109

4

86

Ethyl benzene
Polymer

14

•

"'1

n-Butanol

Com-

TABLEv--Continued
COMPARISON
OF RHENIUMTRIOXIDE, RHENIUMHEPTOXIDE
ANDRHENIUMTRICHLORIDECATALYSTS

No.

Substrate

Catalyst

Avg• Temp.

f•c~>

(hrs.)

·3220

115

1

(psig}

ReC1 •2b
3

Time

Avg.• Press.

%Yield
:·79
5

16
5

6

7

Benzene

Nitrobenzene

Butyric

Acid

4772

240

4

100

Rec1 -2•
3

4200

200

9

94
6

Re03-l-3

4028

226

24.5

100

Aniline

ReC1 -2a
3
b
ReO
·
. 3 -2-1

4950

275

16

100

Aniline

3577

144

10

100

Re2O7•l-2

4354

202

20

80
20

2619

150

11

89
11

-

ReC1 -2
3

4291

173

3

83
7
10

n"!"Butanol
ii-Butyl a-Butyrate
Butyric Acid

Re03-1-8

3690

175

50

84
16

Ethyl Alcohol
Ethyl Acetate

Re2o7-2

2806

148

11

100

Re207-2

Ethyl

Acetate

Etlii1benzene
Styrene
Pol~r

Re03-2-2

.

8

Product

C

C

Benzene
Benzene
Cyclohexane
t

n-Bu~anol

_a-,.Butanol
n-Butyl n-Butyrate

-

n~Buta.nol
,!!-Butyl a-Butyrate

Ethyl

Alcohol

r"'

TABLE v--Continued

COMPARISON
OF RHENIUMTRIOXIDE~RHENIUM
HEPTOXIDE
ANDRHENIUM
TRICHLORIDECATALYSTS

No.

9

10

Substrate

Hydrazobenzene

Azobenzene

Avg. :Press.
(psig)

Catalyst

Avg. Temp.
(•c.)

Time

(hrs.)

%:Yiel,d

ReC1 -2
3

4833

228

23

64

ReO3 -1-10 b

4278

185

33

100

Re o7 -2
2

4123

185

42.5

b

Re0 -l-10
3
Re o -2
2 7

b

b

36

97
3

12

Acetamide

Acetanilide

ReO -1-10
3
b
Re o -2
2 7
Reo -1-10
3

b

b

Ethyl
Ethyl

Aniline
Hydrazobenzene

195

15

96
4

Aniline

3660

125

24

92

Aniline

5

Alcohol
Acetate

Aniline

4353

3

11

Product

Tar
Tar

Azobenzene

4296

200

18

88

Ethyl amine

4595

217

6

39

Ethyl amine

4250

185

31

71
29

N-Ethylaniline
Aniline

.

I

"'-1

~

t

TABLEV--Continued

COMPARISON
OF RHENIUMTRIOXIDE, RHENIUM
HEPTOXIDE
ANDRHENIUMTRICHLORIDECATALYSTS

No.

Substrate

Catalyst
.
b
Re o -2
2 7

Avg. Press.
{psig}
4125

Avg. Temp.

c•c.}

Tfme
{hrs.)

170

52

a
bEthanol was used as solvent.
Cyclohexane was used as solvent.
cWater was used as solvent (3 ml. in each case).

%Yield
66

Product
N-Ethylaniline
Aniline

I

""1

i'1

The reduction
of benzene required drastic
conditions
with
all of the catalysts
studied.
The trichloride
was the only compound which displayed sufficient
activity
to reduce the aromatic
ring to any extent ..
The trioxide
appeared to be more favorable
for the reduction of the nitro group than was the trichlorideo
However, both
catalysts
required rather drastic
conditions
for this hydrogenation.
(.!:1,o, Table V, No.. 6) .. Aniline was obtained in quantitative
yield
in both-. cases ..
Rhenium trioxide
and heptoxide catalysts
derived in situ
were superior
to the trichloride
for the reduction
of thecarboxylic
acids .. However, the activity
of the trichloride
seemed to exceed
that of the heptoxide catalyst
reduced ex situ (cf. Table V, No.
con7).
Results of these latter
reductions cannot' b;-considered
clusive as only one hydrogenation
was performed in each case ..
Ethyl acetate was most readily reduced by the heptoxide
The trioxide
required slightly
more drastic
conditions,
catalyst.
while the trichloride
catalyzed reduction
yielded only under relatively severe conditions.
The oxide catalysts
were comparable in their activity
toward the reduction
of hydrazobenzene.
However, the heptoxide
p~ared superior
for the reduction
of azobenzene.

ap-

derived•catalysts
were very
The heptoxide and trioxide
similar
for the reductions
of acetamide and acetanilideo
A good
in all cases
yield of the amine was obtained under mild conditions
tried.
F. Comparison of the Rhenium Derived
Selected Substrates
other
these

Catalyst

in the Reduction

of

The catalyst
used in this study compared favorably with the
rhenium catalysts
in most reductions.
The comparison of
results
is given in Table VI.

The most active catalysts
for the reduction
of cyclohexanone
and rhenium heptoxide reduced.!!
situ.
were ~henium sesquioxide49,
49
Johnson, "The Catalytic
Hydrogenation .Activity of Rhenium
Blacks Produced by the .Action of Sodium Borohydride on Ammonium
Perrhenate
and of Tetrahydropyran
on Rhenium Heptoxide,"
Master's
Thesis, Department of Chemistry, Brigham Young University,
1956.

TABLEVI
IN
A COMPARISON
OF THE RHENIUMDERIVEDCATALYSTS
THE HYDROGENATION
OF SELECTEDSUBSTRATES

No.
1

Substrate
Cyclohexanone

Catalyst

b
Re se
3910
2 7
e
Re o
3260
2 3
e
Re o -THP
3650
2 7
f .
Re0°2H O ,J
3655
2
Re0•2H of,k
3735
2
Re0•2H of,l
3800
2
Re02~21,hH2og,m 3650

Time

<•c. >

(hrs.)

155

9

%Yield

Producta

100

Cyclohexanol

4 ..5

77

Cyclohexanol

115

5.5

100

Cyclohexanol

119

2.5

100

Cyclohexanol

130

3

70

Cyclohexanol

120

15

100

Cyclohexanol

115

5

100

Cyclohexanol

3590

123

7

47

Cyclohexanol

2100

64

5

84

Cyclohexanol

3742

154

3

100

Cyclohexanol

4200

150

4

100

Cyclohexanol

Re2s7c

1700

100-135

1

100

Ethyl benzene

oe
2 3
Re0•2H of,j
2

2860

25

6

100

Ethyl benzene

2850

30

11

64

Ethyl benzene

Re o -2
2 7
Rec1 -2
3
Styrene

Avg. Temp.

62

ReO -1-4
3
R O d,h
e2 7

2

Avg. Presso
(psig)

Re

t

,,

..;J
..;J

TABLE VI--Continued

A COMPARISON
OF THE RP..ENIUM
DERIVEDCATALYSTS
IN
THE HYDROGENATION
OF SELECTEDSUBSTRATES

No.

Styrene

Avg. Press.
(psig)

Catalyst

Substrate
(con•t.)

f k

Re0•2H?,O?

3465

Avg. Temp.

Time
(hrs.)

108

3

(•c.,)

%Yield

Product

85
15

Ethyl benzene
Polymer

-~----Re0°2H Of,l_
3275
2
ReO •2¼Hog,m 3500
2
2

70

12

56

Ethyl benzene

94

5

100

Ethyl benzene

ReO -2-1
3

2735

121

10

100

Ethyl benzene

Re o -2
2 7

2430

109

4

86
14

Ethyl benzene
Polymer

ReC1 -2
3

3220

115

1

79
16

Ethyl benzene
Polymer

3400

300

4

57

Cyclohexane

4890

240

62

5

Cyclohe:xane

4380

195

6

61

Cyclohexane

Re297-THPe

3600

160

10

100

Cyclohexane

Re0~2H 0f,k
2
f .
Re0•2H
- 2O ,J

4225

202

10

67

Cyclohexane

4560

208

22

Cyclohexane

Re0•2H of,l
2

4400

206

34

Cyclohexane

- ,.2,fl-

3

Benzene

Re s
2 7

C

Re se b
2 7
e
Re o
2 3

a

;-;;.,"t;!"'··

1~5
12

•
"'
CD

'

TABLEVI--Continued

A COMPARISON
OF THE RHENIUM
DERIVEDCATALYSTS
IN
THE HYDROGENATION
OF SELECTEDSUBSTRATF.S

No.

Substrate
Benzene (con•t.)

4

Nitrobenzene

Avg. Press.

Catalyst
Re0 •~
2

(psig)

2

og,m 3935

Avg. Temp.

.Time

(•c. >

(hrs.)

177

14

100

Cyclohexane
Benzene

% Yield

Producta

Reo -2-2
3
ReC1 -2
3
Re s C
2 7
Re se e
2 7
e
Re2 0
3
Re2o 7-THP

4772

240

4

100

4200

200

9

6

1900

25

6

100

Anlline

3550

110

1.25

100

Aniline•

2880

75

4

100

.Aniline

4900

250

4

11
46

Re0•2B 0f,l
2
Re0•2B 0f,j
2
Re0•2B of,k
2

3400

90-110

8

100

Aniline

3210

106

7

91

Aniline

3650

175

12

75

Aniline

/j.e (CO)~

4180

191

5

100

Aniline

Reo 3 -l-3

4028

226

24.5

100

Aniline

2100

91

3.5

100

Aniline

Re o d
2 7

Cyclohexane

Aniline
Decomposition

I

""1

co
t

Products

TABLEVI--Continued
A COMPARISON
OF THE RHENIUMDERIVEDCATALYSTSIN
THE HYDROGENATION
OF SELECTED'SUBSTRATF.S

No.

5

Avg. Press.

Avg. Temp_.

Time ......

c•c.)

(hrs.)

4850

275

16

100

S c,f
e2 7

4250

198

215:

23
77

Etb7l Alcohol
Ethyl Acetate

b

4610

210

11

17
69

Ethfl Alcohol
Etbf4 Acetate

Substrate

Catalyst

Nitrobenzene
(con•t.)

ReC1 -2
3

Acetic-Acid

R

Re se

2

(psig)

7

e
.Re203

3630

150

6.5

.Re207-THP

4120

195

4

Re0~2B of,j,i
2
Re0•2H oftl
2

3950

145

4.5

4060

180

Re0~2B O~'k,i

4060

" Yield

.{J>roduct a
~Jf

AniU,ae

'·/

35
65

EthfJ.,· Alcohol
EtbJJ Acetate

40

23

Et~! Alcohol
Eth7J'· Acetate

100

Ethyl Alcohol

18

54
46

Ethyl Alcohol
Ethyl Acetate

178

7

100

Ethyl Alcohol

4190

200

16

38
62

Ethyl Alcohol
Ethyl Acetate

Re0 •2¾Bog,m 3980
2
2

156

24

50
50

Ethyl Alcohol
Ethyl Acetate

2

f!.e(co)J!

'

OJ

0

•

TABLE VI--Continued

A COMPARISON
OF THE RHENIUM
DERIVEDCATALYSTS
IN
THE. HYDROGENATION
OF
SELECTED
SUBSTRATES
-

Substrate

No.

Avg. Press.
(psig)

Ca~alyst

Acetic Acid
(con•t.)

ReO -1-2
3

3748

R O d,h,i
e2 7

2400

Re O -1-lh,i
2 7
Re o -2
2 7

1

Rec1 -2
3
aThe balance
of the
b
Reference
52

product

Avg. Temp.
c•c.}

Time
(hrs.)

166

% Yield

4

67
33

Ethyl
Ethyl

Alcohol
Acetate

150

10

77
2,3

Ethyl
Ethyl

Alcohol
Acetate

3766

160

14

87
13

Ethyl
Ethyl

Alcohol
Acetate

2465

150

10

100

Ethyl

Alcohol

r

167

4440

in each case

52

17

was the

unreduced

50
51

53

gReference

~eference
e
Reference

10

hCatalyst

49

jCatalyst

prepared

by the

reduction

Catalyst

prepared

by the

reduction

Catalyst

prepared

by the

reduction

Catalyst

prepared

by the

reduction

1

m

of NH Reo
4
4
of NH Reo
4
4
.~f NH Reo
4
4
of NH Re0
4
4

with
with
with
with

t,

0)

I-

I

Alco_hol
Acetate

substrate.

f Reference

i

Ethyl
Ethyl

9

cReference

k

Producta

reduced

Water added

Li in EtNH 2 •
Na in NH3 ~
Li in NH3 .:
Zn and HCl.

--

ex situ

to the

·

in acetic

substrate.

·

acid.

-82-

50,Sl were intermediate
The rhenium dioxide catalysts
in their
activity.
Rhenium heptaselenide,52
rhenium trichloride
and rhenium
heptoxide
reduced in situ were found to have low activity
for the
reduction
of cyclohexiii'oiie,
and carbonyl
compounds in generalo
Styrene was
sesquioxide
and with
ammonium perrhenate
sulfide53
catalyzed
conditions ..

reduced under very mild conditions
with rhenium
rhenium monoxide prepared
by the reduction
of
with lithium
in ethylamine.
Rhenium heptathe reduction
only under somewhat more drastic

The majority
of the rhenium catalysts
catalyzed
the reducHowever, a catalyst
prepared
tion of benzene only with difficulty.,
proved
by refluxing
rhenium heptoxide
in anhydrous tetrahydropyran49
to have high activity
for this reduction .. Also worthy of note was
a rhenium dioxide catalyst
prepared
by the reduction
of zinc in
hydrochloric
acid solution.
Rhenium trichloride
was the only catalyst
used in-this
study which was active toward the aromatic nucleus.
It has been found that the nitro group is one of the func.. However, the
tions most easily reduced by catalytic
hydrogenation
activity
of the rhenium catalysts
was such that moderate to very
strenuous
conditions
were required
for the reduction.
The heptasulfide catalyzed
the reduction
at room temperature,
while the sesquioxide and heptoxide
catalyst
reduced ~.ill!!
required
temperatures
The reaction
was catalyzed
with difof 75° and 91° 9 respectively.
ficulty
when the rhenium trichloride,
the rhenium trioxide
of the
rhenium heptoxide-tetrahydropyran
catalysts
were used.
All the reductions
performed,
with the exception
of the tetrahydropyran
catalyst,
gave good yields
of aniline
with little
or no tar formation.
study,
reduce

The outstanding
feature
of the oxide catalysts
used in this
and of rhenium catalysts
in general,
was their ability
to
the carboxylic
acids.
The heptoxide-derived
catalysts
compared
50

"The Preparation
seegmiller,
Rhenium Blacks Obtained by Reduction
Master's
Thesis,
with Alkali Metals,"
1957.
Brigham Young University,

and Catalytic
Properties
of
of Re(VII) in Anhydrous Ammonia
Department of Chemistry,

51

Selin., "Rhenium Catalysis::
I .• Hydrogenation
and HydroII. Hydrogenation
.
formylation
Using Rhenium Carbonyl Compounds.
Obtained from the Reduction of Perrhenates
with
Using Catalysts
Master's
Thesis,
Department of Chemistry,
Metals in Aqueous Solution,"
Brigham Young University,
1957.
5

2whittle 9 "Rhenium Heptaselenide
as a Hydrogenation
CataMaster's
Thesis,
Department of Chemistry,
Brigham Young
lyst,"
19560
University,
5:3

Broadbent,
1519 (1954).

Slaugh

and Jarvis,

l.• .!!2• Chemo Soc.,

1§.,

very favorably
with the rhenium catalysts
previously
studied 9 and
were excelled
only by the lithium-ethylamine
derived monoxide in
acido
The trichloride
and trioxide
catalysts
the reduction
of acetic
than the
possessed
activities
which were comparable,
or better,
other rhenium catalystso
The poorer rhenium catalysts
studied
possessed
sufficient
activity
to far surpass
the activity
of all the
"standardn
catalysts
:for the reduction
of the carboxyl group,.
Water was added to a number of the acid reductions
which
increase
in the amount of alcogenerally
resulted
in a substanti"l
hol produced,.
Go

the

A Comparison of the Catalysts
"Standard"
Catalysts

Used in This Study with

Some of

Reduction utilizing
the catalysts
of this study have been
compared with those catalyzed
by Raney nickel 9 copper chromite and
Adam0 s catalyst
(£.!o Table VII)o
The standard
catalysts
proved superior
to the rhenium
catalysts
in the reduction
of cyclohexanoneo
Raney nickel catalyzed the hydrogenation
under very mild conditionso
However, the
copper chromite catalyst
required
a temperature
and pressure
only
slightly
lower than that necessary
for the rhenium trioxide
catalyzed reductiono
Adam's catalyst
and Raney nickel were far superior
to the
rhenium derived catalysts
for the selective
reduction
of crotonaldehydeo The reduction
occurred under mild conditions
giving a good
The trioxide
exhibited
no selectivity
in
yield of _!!-butyraldehydeo
while the trichloride
yielded a small amount of nthe reduction,
butyraldehydeo
Cyclohexene was reduced under mild conditions
with Adam's
catalyst
Raney nickel required
conditions
only somewhat more
9 while
catalyst&
mild than those necessary
for the rhenium trichloride
The reduction
of styrene
was catalyzed
readily
with Adamvs
catalyst
under very mild conditionsc
Rhenium heptoxide
reduced!!!
situ required
much more drastic
conditions
than did the platinUDr
The heptoxide
displayed
a higher activity
in this re~lystso
duction than did the other two rhenium catalystso
The trichloride
closely
followed the heptoxide
in activityo
of benzene required
drastic
conditions
with
The reduction
all the catalysts
eomparedo
Raney nickel catalyzed
the reduction
When copper chromite was used the conditions
necesmost readilyo
sary for reduction
exceeded those required
with rhenium trichloridea
However 9 the trichloride
yielded
only a small amount of cyclohexane
Adam's catalyst
while the "standard"
catalyst
gave 83% reductiono
and rhenium trichloride
caused no reduction
even at temperatures
of
240° to 250°0

TABLE VII
COMPARISON
OF RHENIUMTRIOXIDE, RHENIUMHEPTOXIDE
11
ANDRHENIUMTRICHLORIDEWITH SOMEOF THE "STANDARD
CATALYSTS-IN
THE
HYDROGENATION-OF
SELECTEDSUBSTRATES
.,
'
-,

r-.

Substrate
Cyclohexanone

Catalyst
b

pt02
Ni

Crotonaldehyde

b

CuO•CuCr o
2 4
ReO .,;,1-4
3
Re o -2
2 7
ReC1 -2
3
Pt0
2

Avg. Press.
(psig)

Avg. Temp.
(oc .. )

Time
(hrs.)

% Yield

Product a

2820

32

4

100

Cyclohexanol

60

60

3

92

Cyclohexanol

2200

115

0.25

94

Cyclohexanol

3590

123

7

47

Cyclohexanol

3957

154

3

100

Cyclohexanol

4200

150

4

100

Cyclohexanol

2900

30

2

75
18

_!!-Butyraldehyde
.!!,-Butyl Alcohol

Ni

2900

30

1

100

!!,-Butyraldehyde

Re0 3-1-6

3742

147

16

100

,!!-Butyl Alcohol

ReC1 .:.2
3

3600

146

:n.5

10
5
5
8

_!l-Butyraldehyde
Ethanol
Unidentified
Compounds
.a-Butyl Alcohol

I

CX)

!Iii,

g

TABLEVII--Continued
COMPARISON
OF RHENIUMTRIOXIDE, RHENIUMHEPTOXIDE
11
ANDRHENIUMTRICHLORIDEWITH SOMEOF THE "STANDARD
CATALYSTSIN THE HYDROGENATION
OF SELECTEDSUBSTRATES

Substrate
Cyclohexene b

Styrene

C

.·· b
Benzene

Avg. Press.

Avg. Temp.
( oc.)

(hrs.)

%Yield

56

25

2

45

Cyclohexane

Ni

2950

30

1

100

Cyclohexane

Re03 -l-3

3571

131

4

100

Cyclohexane

ReC1 -2
3

3323

94

29

36

Cyclohexane

Catalyst
Pt0 2

(psig)

60

25

Re0 3-2-l

2735

121

Re2o7-2
ReCI -2
3

2430

Time

Product a

100

Ethyl benzene

10

100

Ethyl benzene

109

4

86

Ethyl benzene

3220

115

I

pt02

5100

250

24

79
5
100

Ethyl benzene
Poll!!!er
Benzene

Ni .

3000

100

100

Cyclohexane

Cu0•Cucr o
2 4

4440

260

12

83

Cyclohexane

Re0 3 -2-2

4772

240

4

100

ReC1 -2
3

4200

200

9

6

ptO

2

0.25

o.5

Benzene
Cyclohexane

I

0)

•

C1I

TABLEVII--Continued
COMPARISON
OF RHENIUMTRIOXIDE, RHENIUMHEPTOXIDE
ANDRHENIUMTRICHLORIDEWITHSOMEOF THE "STANDARD"
IN THE HYDROGENATION
OF SELECTED'SUBSTRATES
CATALYSTS
-

Substrate

Catalyst
b

Nitrobenzene

Acetic

Acidb

~,

(hr~.)

%Y.i,eld

..Producta

0.25

100

Aniline

Ni

15

25

0.25

100

Aniline

CuO•CuCr o
2 4
Reo -1.;;.3
3
ReC1 ...2
3

2400

205

1.5

98

Aniline

4028

226

24.5

100

Aniline

4950

275

16

100

Aniline

2t02

3800
Catalyst

300

I

00

12

7

Ethyl Acetate

Dissolved

4500

250

21

20

Ethyl Acetate

3746

166

5

67
33

Ethyl Alcohol
Ethyl Acetate

3766

160

14

87
13

Ethyl Alcohol
Ethyl Acetate

Re o -2e
2 7

2465

150

10

100

ReC1 -2
0

4440

167

17

52
9

o

2 7

See footnotes

Time

25

Re

-- - -

(oc.)

15

CuO•CuCr o
2 4
Re00-l-2

-·

Avg. Temp.

:et02

Ni .

- -

Avg. Press.
(psig)

-1-ld,e

,

on next page

Ethyl

Alcohol

Ethyl Alcohol
Ethyl Acetate

0)

•·

TABLEVII-Continued

COMPARISON
OF RHENIUM
TRIOXIDE,RHENIUM
HEPTOXIDE
ANDRHENIUM
TRICHLORIDE
WITHSOMEOF THE "STANDARD"
CATALYSTS
IN THE
HYD~OGENATION
OF SELECTED
..
.
- SUBSTRATES
~

a

The remainder

bDa,ta taken
c,

Data taken

of th~ product

£~om Seegmiller•s
from Selin's

in each case was the unreduced
T~esis,
.

Thesis,
~

referen~e

reference

d~atalyst
redt1ced ~..~ in acetic
e
Water used as solvent.

substrate.

52.

53.

acid.
I

O>
-.J

I

-88.t.

Nitrobenzene
reduced under extremely mild conditions
in the
presence
of nickel or platinum catalyst.
Copper chromite catalyzed
and pressure.
Rhenium
the reduction
only under high temperature
and rhenium trichloride
gave aniline
in good yield under
trioxide
conditions
slightly
more strenuous
than required
by the chromite
catalyst.
The rhenium derived catalysts
were far superior
to the
"standard"
catalysts
for the reduction
of acetic
acid.
Under very·
severe conditions
Adam's catalyst
gave only a small yield of ethyl
acetate.
Raney nickel dissolved
in the acid, and was thereby rendered
useless
as a catalyst.
Copper chromite gave 20% ethyl acetate
under
strenuous
conditions.
Rhenium heptoxide
catalyst
reduced in situ
wascl;;;;Ty
proved to be superior
in this reduction.
Its activity
followed by the heptoxide
catalyst
reduced ex situ.
The activities
closelypa;;rfeled
each other,
of the trioxide
and the trichloride
derived
and were but slightly
lower than that of the heptoxide
catalysts.
A good yield of the alcohol was obtained in all cases
in which a rhenium derived catalyst
was used.
Unfortunately
sufficient
data on the use of the "standard"
catalysts
for the reduction
of amides and anilides
was not available.
Most of the data was in the patent
literature,
and thus the
abstracts
gave only sketchy accounts
of conditions,
catalysts,
yields
and reduction
times.
However, this literature
revealed
sufficient
information
to indicate
that the rhenium heptoxide
and
trioxide
derived catalysts
were outstanding
in their catalytic
activities.

V.

SUMMARY

1. A brief review has been given
of catalytic
hydrogenation.
2.
The literature
of rhenium heptoxide

on the mechanism and methods

on the preparation,
has been sttrVeyed.

pro~erties

and reactions

3.
A comprehensive
literature
search has been made on the inorganic and organic reactions
of rhenium trioxide
and rhenium trichloride.
The review entailed
a complete study of the preparation
and properties
of these compounds.
4.
Three convenient
methods have been given for the preparaThe catalyst
obtained
from the various
tion of rhenium trioxide.
preparations
appeared to be very similar
in their catalytic
activities.

5. The results
rhenium trichloride
presented.

of a study on the use of rhenium heptoxide
and
catalysts
.in hydrogenation
reactions
has been

6. Analytical
data on the rhenium heptoxide
catalyst
derived
in situ was found to be inconsistent,
thus the exact chemical compothe catalyst
material
has not been ascertained
with cersit~of
tainty.
No analysis
was performed on the trioxide
and trichloride
reduced!!!!!!.!!•
catalysts
state
determinations
7. Oxidation
in almost every case the valence state
apparent.

were used extensively,
and
of the catalyst
was clearly

8. The activities
of the various
catalysts
have been evaluated
hydrogenation
reactions
by employing them in a number of controlled
using a variety
of substrates.
9.
rhenium
catalytic
slightly

In general,
it was found that the rhenium heptoxide
and
trioxide
derived catalysts
were very similar
in their
properties.
The trichloride.catalyst
usually
exhibited
lower activity
than the oxide catalysts.

10. The catalysts
only moderate activity
and nitro
compounds.

used in this study were found to exhibit
olefinic,
aromatic
toward the carbonyl,

11. Both the oxide catalysts
displayed
excellent
activity
for
the reduction
of carboxylic
acids.
Both were comparable to the
best rhenium catalysts
yet developed for the reduction
of this
The trichloride
proved to be slightly
less active than
function.
the oxides,
but was nevertheless
an effective
catalyst
for the
hydrogenation
of the carboxyl group.

12. The use of water to inhibit
the formation of ester in the
reduction
of carboxylic
acids was extensively
employed.
The yield
increased
in all cases tried.
of alcohol was substantially
13. It was found that rhenium heptoxide and rhenium trioxide
derived catalysts
exhibited
an unusually high activity
for the reThe conditions
necessary
for these
duction of amides and anilides.
hydrogenations
were comparable to, or better
than, thos-e required
by the better
catalysts
thus far cited in the literature.
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.ABSTRACT

The purpose of this study was to characterize
the catalytic
activity
of rhenium trioxide
and rhenium trichloride
as
hydrogenation
catalysts.
Work was also undertaken to further
of rhenium heptoxide.
The acstudy the catalytic
properties
tivity
of this latter
compound had received some study in a
previous project.
A COJIIPl•t~ review o.t the literature
has been made on the
and rhenium
organic and inorganic ehemilltry of rhenium trioxide
trichloride.
A survey of the literature
on catalytic
hydrogenation and the chemistry of rhenium heptoxide has also been included.
Rhenium trioxide
was prepared by three similar methods.
The first
two involved the formation of a complex between rhenium
heptoxide and anhydrous dioxane.
The complex was isolated
and
subsequently
decomposed by gentle he.ating to give the pure trioxide.
The third method employed tetrahydropyran
as a complexing
The complex was isolated
and decomposed in the same manner
agent.
as previously
indicated.
All three methods appeared to give the
trioxide
in high purity,
and little
difference
was apparent in
their catalytic
activities.
Rhenium heptoxide and rhenium trichloride
were commercially
available,
and thus required
no. special preparation.
Both were generally
reduced in situ to the active catalyst.
In
reduced .!.!.fill!!•
It was
three instances
rhenium heptoxicie'ias
found that the in situ derived catalysts
were generally
more
active than those derived ex situ.

--

All reductions
were carried
out in a high pressure
hydrogenation vessel.
The reduction
products were analyzed in a gas
chromatograph,
by refractive
indicies,
distillation
and/or chemical extraction.
Catalysts
were analyzed by dissolving
in concentrated
nitric
acid or a 30% hydrogen peroxide and ammonia solution.
The resulting
perrhenate
was precipitated
from the solution
with
tetraphenylarsonium
chloride.
Generally the analytical
data obtained was not of sufficient
accuracy to determine the exact
chemical structure
of the catalyst.
The activities
of the catalysts
were determined by performing a large variety
of hydrogenations.
Results indicated
that the heptoxide and trioxide
derived catalysts
were generally
very similar
in their catalytic
activities.
The trichloride
proved to be slightly
lower in its activity
than the oxides.
slightly

The catalysts
more drastic

used in this study generally
conditions
for the reduction

required
of a carbonyl

-2group than was generally necessary for a rhenium derived catalyst.
The reducti�n of cyclohexanone was catalyzed at 123 ° with rhenium
trioxide, while the heptoxide and trichloride required temperatures
of -5:l• 150 ° •
The olefinic compounds such as 1-hexene were reduced at
temperatures of 95-100 ° , while styrene required slightly higher
conditions due to its conjugation with the benzene ring.
Nitro compounds and benzenoid compounds were found the
most difficult to reduce with the trioxide and trichloride derived
catalysts. Nitrobenzene yielded aniline only under temperatures
of 226-275 ° depending on the catalyst used. Benzene yielded slight
reduction with the trichloride catalyst at 200 ° .
The trioxide, heptoxide and trichloride catalysts were
outstanding in their ability to reduce the carboxylic acids. In
most cases reduction could be effected at 150-160 ° . The catalysts
were superior to any reported in the literature for the reduction
of the carboxyl group. Most rhenium catalysts exhibit this high
activity toward the carboxyl group to some extent.
The oxide catalysts were also found to possess an extremely
high activity toward the hydrogenation of amides and anilides.
The reductions generally took place at ca. 225° giving a good yield
of the primary uaine in most cases tried. These catalysts com
pared very favorably with the better catalysts reported in the
literature.

